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1. Introduction

The global cloud cover at Venus is perhaps its most ob-
vious attribute upon a first glance at the planet. Despite
being analyzed by means of polarimetry, planetary
emitted and reflected radiation, and in situ probes and
balloons, many properties of the Venusian aerosols re-
main insufficently characterized. Three modes of par-
ticles were observed by in situ probes [4], though in-
ternal inconsistencies in the data from various instru-
ments have left the identity and particulars of these
three modes uncertain [6]. Analyses of the emitted
near infrared radiation from Venus tend to attribute
most of the observed variation to changes in the num-
ber concentrations of the third and largest mode of sul-
furic acid droplets in the Venus clouds, despite that
their existence and physical characteristics remain un-
certain [1, 3]. Remote observations of the upper hazes
have long suggested that the primary constituent is one
micron radius spherical particles of a solution of sulfu-
ric acid and water [2]. But the frequent and persistent
co-existence of an additional submicron mode of par-
ticles in the upper haze is difficult to explain if both
modes are composed of sulfuric acid.

2. Plan of Attack

The parameter space of radiative effects of the aerosols
tends to be large enough to be difficult to adequately
sample by means of a purely radiative transfer anal-
ysis. Changes in the peak, width, and shape of the
particle size distribution, as well as changes in the
composition, and even possible phase changes all can
contribute to changes in the radiative properties. Con-
sidering all of these parameters at sufficient resolution
to confidently characterize the aerosol properties is al-
most prohibitive unless some limiting assumptions are
made. By exploring the phase space of microphysical
properties, we can potentially eliminate regions of the
phase space of radiative effects.

In this work, we employ the Community Aerosol

and Radiation Model for Atmospheres (CARMA),
version 2.3 in order to simulate the microphysics of
the Venusian aerosols. We investigate the effect of
changes in the microphysical properties of the aerosols
and changes in the photochemical production rates by
comparing the mass loading and particle size distribu-
tions of the clouds in a suite of simulations. We then
compute the upwelling top of atmosphere radiance that
would result from the cloud profiles so generated, and
compare these predicted radiance variations with those
that have been observed with the IR2 camera on the
Akatsuki spacecraft.

3. Preliminary Results

Initial results indicate that temperature dependent coa-
lescence efficiency, such as might be expected from
a transition to a glass like phase [5], can lead to
rapid changes in the particle size distributions on the
timescale of days to weeks. In Figure 1, we show the
mass loading and effective radius plotted as a function
of time over the four year duration for such a simula-
tion. In this profile, simulating the aerosols between
75° and 90° latitude, we see 50% excursions in mass
loading and factor of two changes in effective radius,
both occurring on timescales of around 1-3 weeks.

4. Summary and Conclusions

Large changes in the aerosol size distribution are being
observed in microphysical simulations of the Venus
clouds. One driver of these changes appears to be co-
agulation efficiency. The observed changes will have
significant effects in the emitted near infrared radi-
ance. We will attempt to show whether these simu-
lated variations are consistent with those observed in
the Akatsuki IR2 data.
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Figure 1: Mass loading (top) and effective radius (bot-
tom) for a simulation in which coagulation efficiency
is reduced when temperatures are lower than the nom-
inal freezing point of sulphuric acid.
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Abstract

The Mars Science Laboratory (MSL) Engineering
Cameras were designed for supporting the rover
surface operations, but their wide field sky images
provide useful information for constraining the
aerosol physical properties at Gale Crater. We have
developed a DISORT-based radiative transfer model
for retrieving such information from the sky
brightness measured by these instruments.

1. Introduction

Although not designed for this specific purpose,
images taken by the Mars Science Laboratory (MSL)
Engineering Cameras can be used for retrieving the
dust optical depth and aerosols physical properties at
Gale Crater. Dust size distribution and particle
shapes can be constrained by evaluating the sky
brightness as a function of the scattering angle
obtained by MSL cameras [7].

2. MSL Engineering Cameras

The MSL Curiosity rover is equipped with 12
engineering cameras which are built under the same
design as the Mars Exploration Rovers (MER) [3].
The goal of these cameras is to support the surface
operations of the rover by providing tactical views of
the near-field surrounding terrain; in order to detect
and avoid hazards, characterize the rover position
and orientation, as well as supporting the robotic arm
operation [4].

MSL Navigation Cameras (Navcam) consist of four
mast-mounted cameras with a 45-degree square field
of view and a broadband response span of 600 to 850
nm. The Hazard Avoidance Cameras (Hazcam) are
rover chassis-mounted tactical cameras located in the
front and the rear of the vehicle, with a 124-degree
square FOV. They have also a broadband coverage of
600-800 nm. Complete technical specifications of the

MSL Engineering cameras can be found in [4], while
information on the performance of the optics is
shown in [3].

3. Observations

The sky radiance as a function of the scattering angle
provides useful information for constraining the
shape and size distribution of aerosols in the
atmosphere. MSL Engineering Camera images were
used to determine the scattering properties and phase
function of the Martian dust.

Navcam sky surveys cover a wide range of angles
from the Sun as they were designed to determine the
scattering properties of the atmosphere. In addition to
these images, this work has also evaluated the wide
FOV images provided by Hazcam (see Figure 1)

Figure 1: Navcam (left) and Hazcam (right) surveys.
Sample images are shown on top. Scattering angle
contours are presented for MSL Sol 669 (bottom)



4. Radiative Transfer model

A radiative transfer model has been developed in
order to model the radiation detected by the MSL
Engineering Cameras. This model can also be used
with other instruments even on-board orbiters.

We use a discrete ordinate method to solve the RT
equation (DISORT) [8] in a plane-parallel Martian
atmosphere model. The code for setting up the
atmosphere and solving the radiative transfer is based
on a Python implementation of CDISORT
(PyDISORT) [1]. Absorption data for relevant gases
are taken from HITRAN [6] and transformed into
correlated-k tables. Local and seasonal atmospheric
profiles and composition have been retrieved from
the Mars Climate Database [2, 5].

The current aerosol model implementation allows to
use spherical (Mie approximation) and irregular (T-
matrix based) particles.

MSLNAVCAM Sol 669
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Figure 2: Synthetic sky plot with PyDISORT for
MSL-Navcam Sol 669 retrieved images at instrument
effective wavelength 0.65 pm.

5. Conclusions

We are using the image data sets obtained by the
Engineering Cameras (Navcam and Hazcam) on
board the Mars Science Laboratory rover to study the
dust characteristics. The sky radiances and dust
aerosol phase function are retrieved and processed
with a radiative transfer model for constraining the
dust physical properties. This is a work in progress

report and the latest results for a number of
characteristic situations during the Martian year will
be presented.
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Abstract

As on Earth, Uranus has a dynamic atmosphere and
undergoes a cycle of seasons. Different images of
Uranus have revealed the presence of discrete clouds
at different locations and time periods [1,2]. Based
on the altitude of these clouds and the saturation
vapour pressure curves of several possible
condensates in Uranus’s atmosphere, it has been
possible to infer that these clouds were made of
methane (CH4) ice particles. However, more
information about the cloud density and size of
droplets is required to better understand the different
dynamic processes involved in the atmosphere. In
addition to methane clouds, previous work based on
radiative transfer simulations have suggested the
presence of different cloud layers at several levels
below the tropopause [3]. However, as a result of the
limitation of  ground-based telescopes  (or
observations from telescopes in orbit around the earth)
the detection and analysis of the composition and
properties of those clouds is a big challenge.
According to the gas abundances in Uranus’s
atmosphere and the T-P profile, a variety of cloud
compositions can be found: clouds made of methane
(CH,), hydrogen sulphide (H,S), ammonia (NHj),
ammonium hydrosulphide (NH4,SH) or water (H,0)
(see Figure 1). In this work, we will make use of
cloud microphysics to provide key constraints on the
density, vertical distribution, size of droplets and
time scale of the different clouds that may be present
in Uranus’s atmosphere.
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Figure 1: Vertical temperature profile in the

atmosphere of Uranus (continuous black line) and
the saturation vapor pressure curves for several
possible condensates (dashed lines). The cloud base
of each specific condensate is given by the point
where the two curves cross.
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Abstract

In November 2014, the SINFONI Integral Field Unit
Spectrometer on the Very Large Telescope (VLT)
mapped Uranus in the 1.46 - 1.70 pm wavelength
region. Images at different wavelengths clearly
revealed the presence of discrete clouds [1], assumed
to be composed of methane ice, and regions with
different brightness patterns caused by latitudinal
variations in the properties of aerosol. Figure 1
shows VLT/SINFONI images of Uranus at selected
wavelengths in which, for example, a bright region
can be identified near the equator. In this work, we
analyze through radiative-transfer simulations VLT
observations to characterize the vertical distribution
and optical properties of clouds and hazes in Uranus's
atmosphere. We first tested three different
atmospheric models consisting of different cloud and
haze layers to choose the cloud model capable of
fitting the observations over a wide range of emission
angles. Subsequently, properties such as the optical
depth, vertical distribution and scattering properties
of clouds and hazes were retrieved at key locations to
study their latitudinal variations and thus compare
them with the bright patterns illustrated in Figure 1.

1. Description of the model

For the analysis of images illustrated in Figure 1 the
NEMESIS radiative-transfer and retrieval code [2]
was used. We employed three different cloud models
whose election of aerosol layers is based on results
from previous work (e.g. [1,3]). The first model (M1)
consists of a vertically extended haze layer based at
the 0.19-bar pressure level, and a deep tropospheric
cloud at ~2-bar level. The second model (M2) is
similar to M1, but an additional tropospheric haze
layer based at ~0.56-bar pressure level is added with

a fixed fractional scale height (FSH) set to 0.08. The
addition of this haze layer in M2 allows a variation of
the haze particles size distribution and refractive
index with altitude. The third model (M3) is similar
to M2, but the tropospheric haze FSH is treated as a
free parameter, thus allowing a vertical extended
tropospheric haze. For the three models the pressure
base and FSH of the deep cloud are fixed to the
values deduced from VLT/SINFONI observations by
[1], allowing only the optical depth to vary. The
scattering properties of cloud and haze particles are
computed using the Mie theory assuming a standard
gamma size distribution and where the effective
radius (resr), the effective variance (vey) and the
imaginary part of the refractive index are retrieved.

1.482 1.495 1.507 1.520

1.558 1.570 1.583

1.608 1.620 1.633 1.646

Figure 1: VLT/SINFONI observations of Uranus at
selected wavelengths on 11" November 2014.



2. Main results

In order to compare the three models over a wide
wavelength range and over a range of zenith angles,
we conducted a number of limb-darkening analyses
at different latitudes. For each latitude selected, six
spectra taken at different emission angles (ranging
from 20° to 75°) were fitted simultaneously. In terms
of ered, we find that M3 provides the best results
with values determined to be below 1.0 at most
latitudes. For example, Figure 2 shows a limb
darkening analysis carried out at 5°N and for which a
% red Of 0.96 is obtained by M3.

1 2/n=1.41 +2/n=1.32

+2/n=0.58

Radiance

1 +%/n=0.69 +2/n=0.74

0.1

1=0.73 1=0.80

1.5 1.55 1.6 1.65 1.5 1.55 1.6 1.65
Wavelength - um Wavelength - um

Figure 2: Comparison of measured VLT/SINFONI
spectra at ~5° N with M3 fits. The black solid lines
with grey shaded errors are VLT spectra at 5°N with
u (cosine of the emission angle) values of 0.27, 0.31,
0.52, 0.65, 0.73 and 0.80. The shaded errors
represent the random errors of the observed
radiances and are computed by the VLT/SINFONI
pipeline. The six spectra were fitted simultaneously
using the M3 model (purple dashed lines) whose e
value is 0.96. The fits performed by M1 and M2 are
not as good as for M1 since the x’,eqvalues achieved
by those models are 3.0 and 1.29, respectively.

Once these different cloud models were tested, we
then performed a number of limb-darkening analyses
at different latitudes to retrieve the optical and
physical properties of the hazes and the tropospheric
cloud (size distribution, refractive index and opacity)
at different key locations. We will discuss the
implication of our observations for Uranus’ cloud
structure. For example, we find an increase of the
stratospheric haze opacity at latitudes near to the
equator (see Figure 3), region where a bright band
can be identified in images illustrated in Figure 1.

01 | Stratospheric haze
0.08 .
2 0.06 | 1
(@]
©
o
O
0.04 ]
0.02 _
Tropospheric haze

0 20 40
Latitude

Figure 3: Latitudinal variation of the stratospheric
and tropospheric haze opacities at 1.6 um.
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Abstract

Towards understanding Martian CO, cloud

formation, abundance and features, including their
formation and evolution in a Global Climate Model
(GCM) is necessary. Their precise radiative impact
on the climate throughout the history of the planet is
especially of prime importance due to the
backscattering of the infrared photons by the CO, ice
crystals that might have contributed to a greenhouse
effect.
The purpose of this work is to include a complete and
validated CO, cloud scheme (developped by [1,2]) in
the GCM of the Laboratoire de Meétéorologie
Dynamique (LMD) [3]. We hereafter present the key
steps of this coupling and the first results.

1. Introduction

Numerous observations (e.g. [4,5,6,7,8]), theoretical
advances and modeling works [1,2,9,10,11,12] have
improved our understanding of CO; cloud formation
and dynamics on Mars. These clouds, less frequently
observed than the water ice clouds, form in the
troposphere at the poles during winter and at
equatorial latitudes in the mesosphere (60 — 110 km).
Atmospheric CO, condensation requires extremely
low temperatures to produce supersaturation. Such
low temperatures are reached during the polar night
and have been observed at low latitudes in the
mesosphere [5, 13, 14]. These cold pockets are most
likely produced by gravity waves propagating to the
upper atmosphere [12], at the altitudes of the
temperature minima caused by the thermal tides.

Moreover, aerosol particles must be present for
the CO, to condense on them by the mean of
heterogeneous nucleation. At high mesospheric
altitudes and such low pressures (typically 0.01 Pa),
it is unknown whether dust lifted from the surface or
particles coming from above (such as meteoritic
smoke particles) prevail. CO, clouds are short-lived
and do not last long after the favorable conditions
vanish (about a dozen of minutes, [2]).

2. CO; clouds scheme for the GCM

We have adapted the CO, cloud microphysics scheme
of [1,2] for his coupling with the LMD-GCM
presented in [3]. The atmosphere is discretized in 32
layers up to about 120 km in the GCM and the
timestep is about 7.5 minutes. During one such
timestep, the CO, cloud scheme is called 50 times
(i.e. every 9.5 seconds) and it includes includes
heterogeneous nucleation on aerosols (dust,
meteoritic smoke particles and water ice clouds), CO,
ice nucleation and sublimation (as a function of CO,
partial pressure and temperature) and sedimentation
of the particles. For a better nucleation accuracy, the
moments of the CO, ice particles population are
distributed into 100 bin sizes.

3. Results

We have simulated an entire Martian Year, with a
resolution of ~7.5 minutes, from the surface to about
120 km. The GCM outputs have been re-binned 15
sols at a time in altitude (13 10-km wide layers) and
in local time (30 min resolution). The simulations
show frequent CO, clouds at low latitude at
mesospheric altitudes during the northen hemisphere
spring and autumn (Ls 0-45 and Ls 150-190).
Overall, nighttime clouds are higher (up to ~ 100 km)
and are composed of smaller particles than daytime
clouds (down to about ~40km). CO, clouds form
with respect to the upward propagation of the thermal
tide. Clouds are observed at the poles at mesospheric
and tropospheric altitudes (even close to the surface)
at the poles during their respective winters.
Examples can be seen in figures 1,2 and 3.

4. Summary and Conclusions

A complete meteorology of CO, clouds inferred from
the GCM will be presented and discussed at the
conference. The sensibility with regards to various
smulation parametrers will also be adressed.



zonal maximum, Ls= 7.60 — 15.02

1075 T T T T T E
107 3 . E
J ft : C
. VA

« 10°—=2 Pagw. s
® E LRV E
% ¥ //'7\ r
E 07— Rriad
B
107 3 E
] skm  15km 25km 35km 45 105km115km [

107 I I 1 . I
0 4 8 12 16 20 24

Local time

Fig.1: Distribution of CO ice clouds particles

effective radius as a function of local time and

altitude (indicated by different colors). Every line

represents a latitude, and the thicker the line, the

closer to a pole the latitude is.

Ls= ‘7‘60 - 1 ‘5‘02, LTSTTZO‘O
1.0E13 5.1E-11 2.6E-08 1.4E-06 7.0E-03

Cloud Opacity at 1 micrameter
-

o
a

latitude
fa)
1111 ‘ 111 ‘ 111 ‘ 111
i
lE.
TTTT ‘ TTTT ‘ TTTT ‘ TTTT

o~
o

—45

|
sl
fw]

—180 -490 0 90
East longitude

o
]

Fig.2: Map of maximum CO; ice clouds opacity at 1
um, at a local time of 20 LTST, bewteen 7.6 and
15.02° LS.

Acknowledgements

J.A. work is funded by the excellence laboratory
Exploration Spatiale des Environnements Planétaires,
Labex ESEP N 2011-LABX-030.

References

[1] Listowski, C. et al, 2013, Near-pure vapor
condensation in the Martian atmosphere: CO2 ice crystal
growth, JGR, 118, 10, 2153-2171 ; [2] Listowski, C. et al.,
2014, Modeling the microphysics of CO2 ice clouds within
wave-induced cold pockets in the martian mesosphere,
Icarus, 237, 239-261; [3] Forget, F. et al., 1999, Improved
general circulation models of the Martian atmosphere from
the surface to above 80 km, JGR, 104, E10; [4] Clancy and
Sandor, 1998, CO2 ice clouds in the upper atmosphere of
Mars, GRL, 25, 4, 489-492 ;[5] Montmessin, F. et al.,
2006, Subvisible CO 2 ice clouds detected in the
mesosphere of Mars, Icarus, 183, 2, p. 403-410; [6]
Montmessin, F. et al., 2007, Hyperspectral imaging of
convective COZ2 ice clouds in the equatorial mesosphere of
Mars, Journal of Geophysical Research, 112, E11;

Lls= 7.60- I15,02, LTSITZZO‘O, Q\It\'tude:95km

90 25E-08  47E0B  BBE-08 168507  3.E-07 L

. |~ esmemmeec TN

45 { €02 ice Effective Radius (m) }

o) ] C
he) - - [
5 ] C
5] X
] ) ~ C

1a r

—%0 L L

—180 —50 0 90 180
Ls= 7.60— |15‘02, LTSITZZO‘O, Qllt\'tude=85km

0 41E08B  1.1E07 a1E07 B3F07  2.3F-06 =

] - e |
45 —i CO2 ice Effective Radius (m) i—

2 i “n C
,@ 0 -# —
k= i C
1] a
790 ] T T T u
—180 -390 O Q0 180
Ls= 7.60- |15‘02] LTSITZZO‘O, Ollt\'tude:75km

90 ] 41E08 1.4E07 50507 18506 6.IE06 |

] - oeess. |
45 { €02 ice Effective Radius (m) }

© ] C
pel . -
5 ] C
45 -
1c) r

_90 § T T T -
—180 —-80 0 =1e] 180

East longitude
Fig.3: Maps of CO; clouds ice particles effective
Radius. Local time is 20LTST and 3 altitudes are
shown: 95km (a), 85km (b) and 75 km(a).

[7]1 Midditténen, A. et al., 2010, Mapping the mesospheric
clouds on Mars: MEXOMEGA and MEx/HRSC
observations and challenges for atmospheric models,
Icarus, 209, 2, 452-469; [8] Vincendon, M. et al., 2011,
New near-IR observations of mesospheric CO2 and H20
clouds on Mars, JGR, 116; [9] Mddittdnen, A. et al., 2005,
Nucleation studies in the Martian atmosphere, JGR, 110,
E2; [10] Mdcdttdnen, A. et al., 2007, Two-component
heterogeneous nucleation kinetics and an application to
Mars, J. of Chemical Physics, 127, 13; [11] Colaprete, A.
et al., 2008, CO 2 clouds, CAPE and convection on Mars:
Observations and general circulation modeling, PSS, 56,
2; [12] Spiga, A. et al., 2012, Gravity waves, cold pockets
and CO2 clouds in the Martian mesosphere, GRL, 39, 2 :
[13] Schofield, J. T. et al., 1997, The Mars Pathfinder
Atmospheric Structure Investigation/Meteorology, Science,
278, 5344; [14] Forget, F. et al., 2009, Density and
temperatures of the upper Martian atmosphere measured
by stellar occultations with Mars Express SPICAM, JGR,
114, E1



EPSC Abstracts

Vol. 11, EPSC2017-261-2, 2017

European Planetary Science Congress 2017
© Author(s) 2017

EPSC

European Planetary Science Congress

Contrasts in near-IR images of the Venus clouds
(VMC/VEx) and their probable causes

O. S. Shalyginal, E. V. Petrova?, and W. J. Markiewicz®
I Max-Planck-Institut fiir Sonnensystemforschung, Gottingen, Germany (o.s.shalygina@gmail.com), 2Space

Research Institute, Russian Academy of Sciences, Moscow, Russia

1 Introduction

The Venus Monitoring Camera (VMC) onboard
the Venus Express (VEx) spacecraft, successfully
operated in orbit around Venus since April 2006
until November 2014. It has been imaging Venus
in four narrow spectral channels centered at the
wavelengths of 0.365pm (UV), 0.513 um (VIS),
0.965 pm (NIR1), and 1.010 pm (NIR2) [1]. It took
around 350000 images in four channels covering
almost all the latitudes, including night and day
sides.

The clouds of Venus scatter radiation in the visi-
ble and near infrared wavelengths nearly conserva-
tively and the planet disk has very little contrast.
However, many features are observed in UV. The
contrast in UV, which is partly caused by SO, (in
the range between 0.20 and 0.32 pm) and partly by
the so-called “unknown UV absorber” (at about
0.365 pm) reach 20—30% [2, 3], while the con-
trasts in NIR and VIS channels do not exceed
2-4%. Though they are not as numerous and
pronounced as the usually considered UV-contrast
patterns characteristic of the appearance of the
Venus upper cloud deck in UV, their causes re-
main unclear. So, to study such cases was the aim
of the current work.

2 Method

To retrieve the properties of cloud particles from
the images of clouds, the phase profiles of bright-
ness obtained from these images taken at small
phase angles are used. The shape of the glory fea-
ture observed at small phase angles allows the size
of scattering particles and, sometimes, their re-
fractive index to be determined. In our previous
works it was shown that there is a strong connec-
tion between the positions of glory minimum and
maximum and particles’ sizes [4-7], and ese posi-

tions do not change when we compare the single-
scattering phase function of particle (red curve in
fig. 1), and the phase profiles retrieved for the op-
tically thick layer (see fig. 1).

NIR1, Zo= 9.96, R=1.15um, m,=1.44
L I L L IR L |

460
C T
N 25
£ 25+mode_1
450 ? -------- 25+mode_1+haze E
% 440 E
N
€
3 E ]
N r Y R ]
€ 430 , No B
\ E \. N 5 4
= F . K el
o 420F ENE
E f(a)*50+400 ]
410F N :
400E i
0 10 20 30 40

Phase angle [°]

Figure 1: The angular position of glory on the up-
per deck of the optically thick layer (three sets of
the curves) is determined by the single-scattering
phase function of the particles f(a) that dom-
inate the scattering in this layer (lower curve;
A =0.965 pm, R s = 1.15 pm, m, = 1.44). The
brightness coefficient of the plane-parallel layer
(the optical thickness 7 = 25) with the presence
of small submicron particles (mode 1, 95% of the
total number of particles in the cloud) and the
upper haze of such particles (15, = 0.05) was cal-
culated with the radiative transfer code described
by [8]. The solar zenith angle is fixed at approxi-
mately 10°, while the zenith angleof observations
Z, is changing, which provides the change in the
phase angle «; two branches of the curves corre-
spond to the azimuths 0° and 180°.



Due to the technical reasons, the VEx obser-
vations at small phase angles were rare, and such
near-IR images, containing contrast features, were
obtained in less than a dozen of orbits. The
phase profiles of the NIR-dark and NIR-bright fea-
tures seen in these images are analyzed. They
are also compared to the phase profiles obtained
from the simultaneously taken UV or visible im-
ages (if available). No unambiguous correlation
between the brightness of the considered features
at different wavelengths has been found: some-
times the contrasts of the same or opposite signs
(the feature that is seen as bright (or dark) object
in one channel is seen as bright (or dark) in the
other one) are observed at the other wavelengths,
sometimes not. This may be caused by the fact
that different cloud levels are sounded at different
wavelengths.

3 Results

The comparison of the measured phase profiles
to the single-scattering phase functions of par-
ticles with different sizes and refractive indices
and the phase profiles of clouds modeled with the
radiative-transfer code has shown that

e in most cases, the sizes of particles in the
NIR-dark and NIR-bright features are the
same;

o in the NIR images (as well as in the visible
ones) the higher brightness may be caused by
a higher refractive index of particles in the
clouds or/and the higher optical depth of the
clouds; the effect of the higher refractive in-
dex on the UV profiles is opposite due to ab-
sorption;

e the presence of small submicron particles in
the clouds and, especially, above them pro-
duces a considerable effect on brightness in
UV and visible, while its influence on the NIR
brightness is very weak.
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Abstract

The 3-um spectral characteristics of the haze material
on Saturn and Titan show marked variations with
altitude. We interpret these variations in terms of a
chemical alteration during atmospheric motions, a
transition between the aromatic and aliphatic spectral
types of hydrocarbons, known as aging or annealing.

1. Introduction

From stellar occultation and limb-viewing measure-
ments performed at Saturn by the VIMS experiment
on Cassini [1,2], and from solar occultation measure-
ments at Titan [3], we have retrieved the 3-um
spectral properties of the stratospheric haze material
in both atmospheres, as well as their variation as a
function of altitude [4,5].

2. Results
2.1 Titan

On Titan, our results are relevant to the 250-700 km
altitude range at one particular location (71°S). We
find a marked change in the relative amplitudes of
the 3.3 pm and 3.38 pm features, which are characte-
ristic of aromatic (double C=C chains or rings) or
aliphatic (single C-C chains) structural groups,
respectively. The "aromatic-to-aliphatic index" n —
i.e. the ratio of the 3.33 pm to the 3.38 um band,
uncorrected for the absolute band strengths — varies
from 3.3 at 580-700 km to 0.9 at 350-450 km, and
0.5 around 250 km (see Figure 1). The structural
change from aromatic to aliphatic type between 580
and 480 km appears to correspond to a spontaneous
"aging" of the particles — a transition between unan-
nealed and hardened particles [6,7] — while the
further decrease of this index below 480 km may be
related to the coating of the core particles by conden-
sates such as heavy alkanes [8].
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Figure 1: Variation of the aromatic-to-aliphatic index
of the haze material, as a function of altitude on Titan.

2.2 Saturn

On Saturn, our results are relevant to the 260-490 km
altitude range at 55°N, and to the 375-825 km range
at 78°N. The two altitude intervals overlap only by
115 km because of very different viewing conditions.
The "aromatic-to-aliphatic index" values are 0.7-0.8
at 55°N, and 1.6-2.2 at 78°N (see Figure 2). In this
case, the observed differences in the n values can
hardly be interpreted as a consequence of a variation
with altitude, since the two profiles differ even in the
overlapping zones. Instead, we suggest that in the
atmosphere of Saturn, the aging process of the haze
material occurs during the latitudinal transport, by
advection and/or diffusion, from the polar regions to
mid-latitudes, while in the atmosphere of Titan, aging
occurs during the vertical precipitation of the haze
particles.
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Figure 2: Same as Fig. 1 for Saturn.

3. Summary and Conclusions

In both Saturn and Titan atmospheres, we see
evidence for a chemical alteration of the haze
material as the particles are transported along with
the atmospheric dynamics. On Titan, the change from
the aromatic to the aliphatic spectral type of organic
compounds occurs around 500 km altitude during the
settling down motion, whereas on Saturn, it seems to
occur below 400 km during the meridional transport
between the polar and mid-latitude regions. These
alterations are best interpreted as the consequence of
an aging or annealing process, corresponding to the
opening up of the triple and double bonds of
hydrocarbons under some external effect (e.g., UV
photolysis, magnetospheric particles, cosmic rays
ionization, etc.).
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Abstract

In the last two decades our view and understanding of
planetary atmospheres has significantly expanded as _ -s
a result of the detection and characterization of nu-
merous exoplanets and of their atmospheres. Apart
from the exotic chemical inventories observed in these
objects, recent studies suggest that subsequent prod-
ucts of chemical evolution such as hazes (in the form
of aerosols or/and clouds) can also exist in these at-
mospheres. Hazes can strongly influence the ther-
mal structure of the atmosphere, the dynamics, and !
the photochemistry, as their equivalents in the so- S T e N V. PN
lar system atmospheres have promptly demonstrated.
Our goal is to investigate the processes leading to the _. . .
formation of aerosols and clouds in exoplanet atmo- Figure 1: Model. results fpr the average particle size
spheres with the use of detailed models of aerosol and"’_lnd corresponding density under dlffert_ent assump-
cloud formation and evolution coupled with photo- tions of aerosol mass flux and atmospheric mixing.
chemical models of the atmosphere. We apply these
models to the case of exoplanet HD 189733 b for simulation of clouds we consider the formation of sil-
which observations indicate the presence of heteroge-icate condensates, which provide the largest mass flux
neous opacities. Our results demonstrate that photo-of condensable species under the assumed temperature
chemical haze can have important implications for the conditions. For the latter we evaluate our model results
interpretation of the available observations. for temperature profiles derived by GCM simulations
[4] or the inversion of secondary eclipse observations

[5].

Log,o[Pressure (bar)]

M ethods

We perform our studies using detailed models of atmo- Results

spheric thermochemistry/photochemistry for the eval-

uation of the atmospheric composition under differ- Our results suggest that significant mass fluxes of pho-
ent temperature conditions in the atmosphere of HD tochemical aerosols can be produced in the upper at-
189733 b [1]. Based on the composition results we mosphere of HD 189733 b (abovelOubar). How-
apply models for the simulation of the photochemi- ever, the resulting aerosol size and population de-
cal aerosols and clouds, which are based on previ-pend strongly on the assumed atmospheric mixing effi-
ous studies of relevant processes in Titan’s atmosphereciency (Fig. 1). High mixing values limit the growth of
[2, 3]. We estimate the production rate of photochem- the aerosol particles because particles are transported
ical aerosols from the photolysis rates of major com- to the lower atmosphere before having the opportu-
pounds in the upper atmosphere of HD 189733 b, as-nity to collide with each other and coagulate. How-
suming an efficiency for aerosol formation based on ever, reduced eddies allow for the formation of large
previous studies in the solar system and particularly enough particles that reach up to 10 to 100 nm depend-
the atmospheres of Titan, Saturn and Jupiter. For theing on the assumed mass flux and eddy mixing. Using
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although the reference pressure at then8Spitzer/IRAC band are different (lower panel).
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tions (Fig. 2), while such mass fluxes are supported by  and alkali atoms in exoplanet atmosphere. Ap.J., 796:15.
the photochemistry simulations. Our results indicate
that in order to match the observed planet size at short L .

. aerosol structure at the Huygens landing site: Constraints
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Abstract

The production of benzene (Ce¢He) in Titan’s
atmosphere is a crucial step to tholin and haze
formation. Two pathways which are important below
400 km are considered here. First is the gas-phase
route via methylene (CHz) radical chemistry. We
show in a new laboratory study that the more reactive
excited singlet state of CH produced by CHa
photolysis in Titan’s atmosphere, is quenched
increasingly efficiently at lower temperatures to the
less reactive ground state CH>, rather than reacting
with species such as H, and CHa. This has important
consequences for the production of ethane and the
propargyl (CsHs) radical, an important CgHs
precursor. The second route to CgHs is the cyclo-
trimerization of acetylene (CzH;) on cosmic dust
analogue particles. The combination of a laboratory
study of the heterogeneous chemical Kkinetics,
combined with a new astronomical model of the
cosmic dust input to Titan’s atmosphere, shows that
the production of CgHg via uptake of C;H2 on the
dust, followed by cyclo-trimerization and desorption,
is competitive with gas-phase production of Cg¢Hg
between 80 and 120 km.

1. Introduction

The photolysis of methane by UV photons is the
primary source of hydrocarbon radicals in the
atmospheres of Titan and the giant planets. The
photolysis channels are thought to be:

CHs+hv — CHz+H (R1a)
— ICH, + H» (R1b)
—3CH, +2H (R1c)
—CH+H;+H (R1d)

Methylene, CH,, is an important product and can be
produced in either the triplet groundstate (3CH,) or
the first excited singlet state (*CH,). Although the
energy gap between the ground and first excited
states is small (37.7 kJ mol?Y), the chemistry of the
two species are quite different. 1CH, rapidly inserts

into bonds followed by dissociation of the chemically
activated intermediate, e.g.:

1CH; + CoH; — CsHa* — C3Hs + H (R2)

The formation of the propargyl radical, CsHs, has
been proposed as an important radical route to CsHs
formation on Titan [1]:

CsHs + C3H3 — CeHs (R3)

with benzene being the first step in the formation of
the layer of tholin aerosols at 300-400 km which
surround Titan [2]. In contrast, 3CH, is relatively
unreactive with closed shell molecules and its major
loss processes are reactions with radical species such
as H and CHg, yielding (after several steps) CiH..
Both methylene species are therefore important in
different aspects of Titan’s complex photochemistry.
For the reactions of *CH there is a parallel relaxation
process in which collisions with C,H, CHa4, Hy, and
other molecular species lead to ground state 3CHa. It
is therefore important to quantify the competition
between reaction and relaxation of !CH, over the
temperature range relevant to Titan’s stratosphere.

Another route to CgHs formation is via heterogeneous
chemistry involving the cyclo-trimerization of
acetylene:

3 CH, — CgHs (R4)

on cosmic dust or meteoric smoke particles (MSPs),
which form through the recondensation of metallic
vapours produced by meteoric ablation [3].
Contributions to the flux of cosmic dust entering
Titan’s atmosphere originate from several sources
including Edgeworth-Kuiper Belt (EKB) objects and
various cometary families (e.g., Jupiter family and
Halley type comets) [4]. Data collected from the
Pioneer 10 meteoroid detector and from the Student
Dust Counter (SDC) on the New Horizons mission
has been used to constrain the overall mass
production rate from the EKB and the differential
mass production distribution into the Saturnian
system, including Saturn’s satellites and planetary
rings [5].



2. Experimental Results

The kinetics of the reactions of !CH, with He, Ny, O3,
H> and CH4 were measured over the temperature
range 43 — 160 K by pulsed laser photolysis,
monitoring 'CH, removal by laser induced
fluorescence. Low temperatures were obtained with
either a pulsed Laval expansion (43 — 134 K) or a
low temperature, slow flow reaction cell (160 K).
The rate coefficients for the reactions with Ny, O, H
and CH, all showed a strong negative temperature
dependence. For the reactions of ‘CH, with H, and
CHa, the branching ratio for quenching to 3CH,
increases significantly between 160 and 73 K.

A low-temperature flow tube and ultra-high vacuum
apparatus were used to explore the uptake and
heterogeneous chemistry of CoH, on cosmic dust
analogues. The uptake coefficient of CoH, on a
variety of olivinic particles is (1.5 — 1.9) x 10 at 181
K, and the rate of cyclo-trimerization to Ce¢Hs is 2.6 x
10°exp(-741/T) s

3. Atmospheric implications

The Leeds Chemical Ablation Model was used to
show that the bulk of cosmic dust particles (radius
0.02 - 10 um) entering Titan’s atmosphere do not
ablate because of the slow entry velocity (< 29 km s)
and large atmospheric scale height. Particles smaller
than 10 um sediment very slowly in the troposphere,
thereby providing a significant surface for
heterogeneous chemistry below 150 km. A 1D
atmospheric model of dust sedimentation, C;H;
uptake, cyclo-trimerization and desorption of CsHs
shows that the peak production of CgHg occurs
between 80 and 120 km [6].

The implications of the measured rate coefficients
and branching ratios for !CH, were examined in a 1D
transport model of Titan’s atmosphere from
Caltech/JPL [7], with chemistry from Moses et al. [8].
The most striking difference with the results from the
present study is seen in the profile of C;Hs, where
concentrations decrease by 44% between 1550 and
800 km because of reduced CHs production. In
contrast, the profiles for the unsaturated
hydrocarbons CoH, and C;H4 both show significant
increases of 15 % and 30 %, respectively, at 50 km,
moving both profiles into better agreement with the
Composite Infrared Spectrometer (CIRS) limb and
nadir  observations.  Despite  this, observed
concentrations of CoH, below 250 km are still twice
the  modelled concentrations, while  CyHa

observations are almost an order of magnitude higher.
Below 500 km, an increase in CsHs by up to 30% is
observed, largely as a result of the increased CzHo.

4. Summary and Conclusions

The influence of cosmic dust on the atmospheric
chemistry of Titan has been examined for the first
time. The production of CsHs from the cyclo-
trimerization of C;Hz on cosmic dust analogues is
shown to be efficient and competitive with gas-phase
chemistry. The CH, radical plays a crucial role in
Titan’s photochemistry; this study explored the
kinetics and quenching of the reactive singlet state
with a range of abundant molecules such as CHa.
These reactions have unexpected temperature
dependences, with significant effects on C;Hs, CoH>
and CeHs, demonstrating the importance of carrying
out laboratory measurements over the temperature
range appropriate to Titan’s atmosphere.

Acknowledgements

This work was supported by the Leverhulme Trust
(grant  F/00122/BB-PETALS), the European
Research Council (project number 291332 —CODITA)
and the Science and Technology Facilities Council
(grant ST/L000628/1).

References

[1] Wilson, E. H., Atreya, S. K.: Chemical sources of haze
formation in Titan's atmosphere. Planet Space Sci., 51,
1017-1033, 2003.

[2] Lorenz, R. D.: Titan: Interior, surface, atmosphere, and
space environment. Meteorit Planet Sci, 49, 1139-1140,
2014.

[3] Saunders, R. W., Plane, J. M. C.: A photo-chemical
method for the production of olivine nanoparticles as
cosmic dust analogues. Icarus, 212, 373-382, 2011.

[4] Poppe, A. R.: An improved model for interplanetary
dust fluxes in the outer Solar System. Icarus, 264, 369-386,
2016.

[5] Poppe, A. R., Horanyi, M.: On the Edgeworth-Kuiper
Belt dust flux to Saturn. Geophys Res Lett, 39, art. no.:
L15104, 2012.

[6] Frankland, V. L. et al.: Uptake of acetylene on cosmic
dust and production of benzene in Titan's atmosphere.
Icarus, 278, 88-99, 2016.

[7] Li, C. et al.: A non-monotonic eddy diffusivity profile
of Titan's atmosphere revealed by Cassini observations.
Planet Space Sci., 104, 48-58, 2014.

[8] Moses, J. I. et al.: Photochemistry and diffusion in
Jupiter's stratosphere: Constraints from ISO observations
and comparisons with other giant planets. J. Geophys.
Res.-Planets, 110, 2005.



EPSC Abstracts

Vol. 11, EPSC2017-369, 2017

European Planetary Science Congress 2017
© Author(s) 2017

EPSC

European Planetary Science Congress

Conditions and dynamics in the active region of a regional
Mars dust storm

S. Rafkin (1), J. Pla-Garcia (2) and C. Leung (3)

(1) Southwest Research Institute, Colorado, USA, (2) Centro de Astrobiologia, Torrejon de Ardoz, Spain, Lunar and
Planetary Laboratory, University of Arizona, Tucson, USA (rafkin.swri@gmail.com)

Abstract

The conditions within and nearby the active lifting
region of a dust storm have never been observed in
situ. The unobserved conditions are modeled with
the Mars Regional Atmospheric Modeling System
using a fully interactive dust cycle. The storm is
found to be extremely dynamic, with deep and
vigorous vertical plumes of dust that exhibit a life
cycle and mesoscale organization.

1. Introduction

The active regions of Mars dust storms may present
some of the most challenging operational
environments for human and robotic exploration.
Visibility is likely to be substantially reduced. Winds,
although lacking meaningful momentum, can pick up
large quantities of dust causing it to abrade or enter
mechanical elements. The large amount of dust may
also induce strong electric fields, possibly sufficient
to induce breakdown (i.e., lightning) or arching with-
in electronics. The thermal environment is likely to
also change dramatically. But all of these conditions
are hypothesized; there have never been in situ
observations at or near the active lifting center of a
regional or larger dust storm on Mars. Landed
meteorological packages have recorded the
atmospheric environment during large and global
dust storms, but only at a distance from the presumed
active areas.

2. Numerical Experiment

In support of the Mars 2020 Rover mission (hereafter
M2020), mesoscale modeling of 11 landing sites with
high science potential have been modeled to
characterize and identify possible hazardous
atmospheric conditions during entry, descent and
landing (EDL) operations. Substantial effort has
gone into simulating both nominal (non-dust storm)
conditions as well as those conditions that might be
expected in a dust storm. For the purposes of this

study, the results of dust storm scenarios in the
vicinity of the landing sites at Syrtis (lat/lon) and
Jezero Crater (lat/lon) are presented.

One method to investigate dust storm conditions is to
utilize a fully interactive dust cycle. In this scenario,
surface winds are allowed to lift dust, the lifted dust
is permitted to radiatively perturb the thermal
structure of the atmosphere, and the dynamics (the
winds) evolve and transport the lifted dust according
to the radiative forcing. @ The Mars Regional
Atmospheric Modeling System (MRAMS [1]) is
configured with a fully interactive dust cycle that
evolves according to the model-predicted winds and
diffusion. Dust also undergoes sedimentation. The
simulation has five grids, and dust lifting is permitted
only on grids two through four.

Results

During the afternoon on the sol 2, the first day of
dust lifting, two primary areas of lifting develop (Fig.
1). The first area is in the northeast region of the grid,
and is already organized into a linear feature that
becomes more disorganized through the day. The
second area is on the southeast rim of the Syrtis
impact basin. The Syrtis area organizes into a linear
feature roughly aligning with the daytime upslope
flow.

A cross-section showing different atmospheric fields
at x=85 and ~1400 local is displayed in Fig. 2. The
dust mixing ratio shows a deep (> 6 km) plume just
to the north of the Isidis crater rim. The mixing ratio
peaks near the surface and drops off with height.
This dust profile is consistently seen in active lifting
regions. The surface maximum is partly due to the
surface being the source of dust, with entrainment of
less dusty air as the plume rises. However, it is also
because the mixing ratio can be dominated by a few
large dust aerosol, since the mass is proportional to
the cubed of the radius.



In the plume near the surface, the air temperature is
as much as 20K colder than nearby areas. This is due
to solar absorption higher in the dust column limiting
direct heating deeper into the atmosphere. Overall,
within the plume, there is an inversion, and although
the top of the plume is warmer than below, it is near
neutral buoyancy compared to the less dusty air on
either side. Apparently, adiabatic cooling nearly
offsets the expected positive heating perturbation at
the top of the dusty plume.

Turbulent kinetic energy is confined to a much
shallower layer near the surface in and around the
dust plume. This structure is consistent with the
thermal structure—an inversion—that will tend to
suppress buoyancy of generation of turbulence. In
contrast, near the middle of the grid where a more
traditional steep lapse rate is present, deep convective,
but non-dusty plumes are present.

Finally, a very strong (>60 m/s) low level jet forms in
the vicinity of the dusty plume. This structure results
entirely from the dust storm distribution, which can
be seen by examining the model solution when lifted
dust (foreground dust) is not radiatively active (Fig.
3).

3. Figures

Figure 1. Column visible dust opacity (shaded) and
topography (contours) on grid 3 during the afternoon.
Times are given in Mars UTC. Add ~5 hours for
local time. Axes are labelled by grid point (~27 km
spacing).

Figure 2. Dust mixing ratio (top left), temperature
(top right), Turbulent kinetic energy (bottom left) and
v (shaded) and w (contoured) wind (bottom right) on
grid 3 at x=85 during the afternoon.

Figure 3. Temperature (left) and winds (right) for the
same cross-section as in Figure 2, but for the case of
radiatively passive dust.
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Abstract

Titan’s mid to lower stratosphere contains complex
cloud systems of numerous organic ice particles

comprised of both hydrocarbon and nitrile compounds.

Most of these stratospheric ice clouds form as a result
of vapor condensation formation processes. However,
there are additional ice emission features such as
dicyanoacetylene (C4N,) and the 220 cm’ ice
emission feature (the “Haystack”) that are difficult to
explain since there are no observed vapor emission
features associated with these ices. In our laboratory,
using a high-vacuum chamber coupled to a FTIR
spectrometer, we are engaged in a dedicated
investigation of Titan’s stratospheric ices to interpret
and constrain  Cassini  Composite InfraRed
Spectrometer (CIRS) far-IR data. We will present
laboratory transmittance spectra obtained for
propionitrile (CH3CH,CN), cyanogen (C,N,) and
hydrogen cyanide (HCN) ices, as well as various
combinations of their mixtures, to better understand
the cloud chemistry occurring in Titan’s stratosphere.

1. Introduction

In Titan's stratosphere, at altitudes spanning 60 to
~200 km, and temperatures between about 70K and
~150K, condensed nitriles (and hydrocarbons)
constitute a second type of Titan cloud system; this is
in addition to the tropospheric convective methane
clouds. Stratospheric ice clouds of cyanoacetylene
(HC;N) and dicyanoacetylene (C4N,) are observed in
CIRS far-infrared spectra at high latitudes during the
northern winter [1], as sharp emission features
peaking at 506 cm™ and 478 cm’, respectively.
Spectrally broad ice emission features in Titan’s
stratosphere are also observed in CIRS spectra [2],
peaking at 220 cm™ (termed the "Haystack") and at
160 cm", the latter feature identified as a nitrile
composite ice. Whereas HC;N vapor in the far-IR is
observed at 499 cm™, and explains the formation of its

condensate at 506 cm’™, the presence of C4N, ice and
the Haystack remain puzzling since there are no
associated vapor emission features to explain these
ices to form from vapor condensation processes [3].
Anderson et al. [3] have postulated that Titan’s
stratospheric C4N, and the Haystack ices may form
through solid-state (photo)chemistry, in a similar way
to the formation of nitric acid trihydrate in the
terrestrial polar stratosphere. For the 160 cm™ nitrile
composite ice emission feature, Anderson and
Samuelson [2] showed that it may arise from
lattice/libration vibrations of a combination of nitrile
ices, notably that of HCN and HC;N, with possible
contributions from additional trace nitrile ices. Here
we present our laboratory efforts so far towards the
identification of the chemical composition of Titan’s
Haystack and nitrile composite ices features.

2. Laboratory experiments

All experiments are conducted in the Spectroscopy for
Planetary Ices Environments (SPICE) laboratory at
NASA GSFC. Transmission spectroscopy is
performed with the SPECtroscopy of Titan-Related
ice AnaLogs (SPECTRAL) high-vacuum chamber
(Fig. 1) in order to
measure the near-
to far-infrared
spectroscopic  and
optical properties of
thin films of pure
and mixed ices of
propionitrile, cya-
nogen and hydro-
gen cyanide. Trans-
mittance spectra of
thin ice films (<10
pm  thick) are
acquired from 50 cm™ to 11700 cm™ at low dosing
temperatures ranging from 30K to 160K. HCN and
C,N, were previously synthesized by thermal reaction
of potassium cyanide with stearic acid and by thermal

Figure 1: Schematic illustration
of the SPECTRAL high-vacuum
spherical sample chamber used
for the experiments.



decomposition of silver cyanide, respectively.
Propionitrile was provided commercially. The
samples were purified by several cycles of freeze-
pump-thaw under a cooling bath of ethanol and liquid
nitrogen (-116°C).

3. Results

3.1. Pure nitrile ices

For pure HCN and C;N; ices, there is a clear transition
in ice phase from amorphous to crystalline. This is
evidenced by an increase of the band intensity of the
lattice mode libration at 166 cm™ for HCN and the C-
C=N asymmetric bend (vs) at 237 cm™ for C,N,. Both
nitriles show a peak wavenumber shift and also there
is a split of the C,N; absorption band (Fig. 2).

om asymmetric bend (v)

1689

I amorphous 165.6.cm
1. ]

Figure 2: Far-IR spectra of pure HCN ice (2 pm film) dosed
at 30K, 60K, 90K, 110K, 120K (left) and pure C,N; ice (3
um film) dosed at 30K, 60K, 90K, 110K (right).

mode
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On the other hand, for propionitrile ice, we observe
peculiar temperature-driven ice phases compared to
that of C;N, and HCN ices (Fig. 3). The presence in
the methyl molecule (-CH;) and methylene (-CH,)
groups, which have low barriers to rotation around
single bonds, produces several orientations and
reordering of these groups in the solid phase ice
structure. Consequently, several phase transitions are
observed in the far-IR spectra at different temperatures,
until the final stable crystalline phase is achieved.

crystalline —— | 150K

o ses | ok e Figure 3: Far-IR
spectrum of pure
CH;CH,CN  ice
(3-10 pm film)
dosed at 30K,
60K, 90K, 120K,
140K, 150K.
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3.2. Mixed nitrile ices

For the HCN/C,N, ice mixture, we observe that the
HCN libration mode (168 cm™ at 110K) disappears
when C,N; prevails in the ice mixture (Fig. 4). We

note that for the HCN/CH3CH,CN ice mixture, this
libration mode significantly broadens when
CH;CH,CN prevails in the mixture (Fig. 4).

pureC;N, 110K
arystallineice
27

Figure 4: Far-IR spectra
of HCN/C,N, (top) and
HCN/CH;CH,CN
lathr mose (bottom) ice mixtures
compared to spectra of
pure HCN, C;N, and
CH;CH,CN ices.

4. Conclusion

We have demonstrated our first attempts of many to
ultimately reproduce and identify the CIRS Titan far-
IR stratospheric ice observations. In our initial
attempts of just a few compounds, we find that the
spectral feature of the HCN libration mode (166 — 169
em™) can be drastically altered by the surrounding
molecule when mixing occurs. These nominal results
indicate that the HCN/C,N, ice mixture does not
match the spectral shape and wavenumber peak
position of the Haystack emission feature, or that of
the nitrile composite ice. This is also true of the
HCN/CH;CH,CN ice mixture even though it shows a
broad absorption band at 170 cm™, which better
resembles the Haystack than the previous mixture.
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Background and motivation‘ Recent  spacecraft
observations have shed a new light on “mesoscale”
meteorological phenomena in planetary atmospheres,
developing at spatial scales smaller than the Rossby
radius of deformation: Mars’ regional dust storms !,
Venus’ cloud layer plumes?, Titan’s methane storms?,
gas giants’ convective storms*>. Not only those pro-
cesses have a crucial influence on the whole climate,
but they also unveil key characteristics of planetary
environments, and fundamental atmospheric fluid
dynamics. Some of the above-mentioned mesoscale
phenomena (e.g. convective storms on Titan and gas
giants) share similarities with moist convective mo-
tions on the Earth: convective instability is triggered
by the release of latent heat by condensing species
such as water, methane, ammonia. By contrast,
Mars was thought to be devoid of deep convection:
water-ice clouds do form because the atmosphere
is close to saturation, but the associated release of
latent heat is negligible given the low quantity of
water involved®. Here, using dedicated mesoscale
modeling and Large-Eddy Simulations’, using an
interactive dust scheme® and a complete radiative +
scavenging model for water-ice clouds®'?, we unveil
two examples of deep convection on Mars — in dust
storms'! and water-ice clouds'? — to demonstrate that
the radiative effect of aerosols and clouds can lead
to powerful convective motions just as much as the
release of latent heat in moist convection.

Convection in dust storms | Dust storms are often
considered as indicative of regional and global winds,
and having an impact on global circulation. Mesoscale
modeling could draw a slightly different picture .
Our simulations with a dust transport scheme showed
that deep convective motions, implying a fast and effi-
cient upward transport of dust particles, occur in Mar-
tian local and regional dust storms, a phenomena we
named “rocket dust storms”!'!. The supply of con-
vective energy is provided by the absorption of in-
coming sunlight by dust particles (positive buoyancy,

Fig 1), rather than by latent heating as in moist con-
vection on Earth and other environments. A poten-
tially strong implication is the formation of detached
layers of aerosols 4, which needs to be parameter-
ized in Global Climate Models. This new view on
local dust storms might also help to understand how
a large regional storms becomes a planet-encircling
dust storm, with mechanisms possibly analogous to
Mesoscale Convective Systems !°> and convective self-
aggregation on the Earth.

Convection in water-ice clouds‘ Nighttime mix-
ing layers were unveiled in the troposphere of Mars by
radio-occultations on board Mars Global Surveyor and
Mars Reconnaissance Orbiter '® (they went unnoticed
for about a decade because the existing temperature
data were never displayed as potential temperature
which clearly emphasizes the presence of mixed
layers as zero-slope signatures along the vertical axis).
We were able to show with mesoscale simulations that
the observed deep mixing layers can be reproduced
by modeling, and that the radiative effect in nighttime
water-ice clouds cause those layers to occur through
convective destabilization by the radiative cooling
(negative buoyancy, Fig 2) exerted by water-ice
particles within the cloud'?. It was shown that water
ice clouds play a key role through their radiative effect
in the large-scale thermal structure and dynamics
of the Martian atmosphere®, but their impact on the
mesoscale dimensions have not been addressed until
now. Large-Eddy Simulations of the atmospheric
flow within and below water-ice clouds demonstrate
that this deep mixing result from powerful convective
plumes, which also cause virga-like phenomena to
occur when water-ice particles are transported in
a downward plume. We proposed to name those
phenomena Martian “convective snowstorms” or “ice
microbursts”; they provide explanation for not only
the observed nighttime mixing layers, but also the
precipitating signatures identified by the Phoenix
LIDAR in polar regions on Mars.
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Figure 1: Mesoscale simulation of a Martian rocket dust storm’!. Longitude-altitude sections obtained at local time 1500 and
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Figure 2: Mesoscale simulation of a Martian convective snowstorm. Typical vertical profiles of (from top to bottom) potential
temperature, water ice mixing ratio, total longwave radiative net heating rate, extracted from mesoscale simulations with (blue
curves) and without (red curves) the radiative effects of water-ice clouds included. Profiles were extracted at longitude —120°E,

latitude 8°N, local time 1000 PM.

Perspectives| Those two original examples of
aerosol-induced deep convection in the Martian at-
mosphere broaden the knowledge of both aerosols-
atmosphere interactions and mechanisms underlying
convection in planetary atmospheres, as well as the im-
pact of convection in the regional and global scale (e.g.
emission of gravity waves), with possible comparative
planetology approaches where the convective dynam-
ics of Martian water-ice clouds could be compared to
Venusian sulfuric-acid clouds .
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Abstract

Mesospheric water ice clouds are a phenomenon
frequently occurring on Earth at mid to high latitudes
during summer. Surprisingly, similar clouds
consisting of CO, ice were also detected at low
latitudes in the mesosphere of Mars. Both types of
clouds are believed to form by heterogeneous
nucleation on nanometer size Meteoric Smoke
Particles (MSPs). However, describing cloud
formation is still flawed by high uncertainties due to
a lack of experimental data regarding the nucleation
process. We present measurements on heterogeneous
nucleation and subsequent growth of H,O and CO,
on sub 3nm silica, iron oxide and mixed iron silicates
as analogues for MSPs. The experiments were
performed at conditions which are relevant to the
mesosphere of Earth and Mars. We show measured
desorption energies and critical saturations of H,O
and CO, for the different particle materials. Using
Classical Nucleation Theory (CNT), we infer the
contact parameter resulting in a full parameterization
of the nucleation process. We conclude that the same
parameterization may also be valid for Martian Dust
Particles [MDPs] and predict conditions at which
H,O and CO, clouds form in the mesospheres of
Earth and Mars. The results are discussed in
comparison with atmospheric observations.

1. Introduction

Mesospheric water ice clouds, often referred to as
Noctilucent Clouds (NLCs), are a phenomenon
frequently occurring on Earth at mid to high latitudes
during summer [e.g. 5, 10]. Similar clouds were also
detected at low latitudes in the mesosphere of Mars.
These clouds mainly occur during post- and pre-
aphelion season [e.g. 2, 7, 8]. In contrast to Earth, the
majority of the martian mesospheric clouds consist of
CO, ice. Both types of clouds have in common that
they are believed to form by heterogeneous

nucleation on nanometer size Meteoric Smoke
Particles (MSPs) during gravity wave induced
supersaturated conditions [e.g. 1, 4, 11]. If the
conditions needed for cloud formation would be well
known, cloud observations could be used as a tracer
for the thermodynamic conditions of the observed
region. Unfortunately, predictions for cloud
formation still struggle with high uncertainties due to
a lack of experimental data regarding the nucleation
process at realistic mesospheric conditions of Earth
and Mars and regarding realistic nuclei materials.

Recently, we introduced a novel experimental setup
[3, 6] specifically designed for the investigation of
adsorption, nucleation and subsequent depositional
growth of H,O and CO, on nanoparticles with MSP
material compositions. With the new setup we are
able to determine the desorption energy and contact
parameter which are key parameters describing the
nucleation ability of the aerosol particles at realistic
mesospheric conditions of Earth and Mars [3, 9].

2. Experimental Method

Singly charged nanometer size MSP analogues are
produced in a microwave plasma particle source. The
particles enter into the TRAPS vacuum system [6] in
which we are able to select particles with radii
between 1 and 3 nm. The size selected particles are
then accumulated in the novel MICE-ion trap [3]. In
MICE, the particles are exposed to realistic
mesospheric conditions in terms of background
pressure and temperature as well as CO, and H,O
vapor concentrations. From MICE we extract a small
amount of the trapped particle population at periodic
time steps and analyze their mass distribution with a
time-of-flight mass spectrometer. As a result, we
observe the adsorption process of CO, and H,O on
the MSP analogues. Depending on the conditions in
MICE, adsorption is followed by nucleation and
subsequent growth of CO, and H,0 ice particles.



3. Results and Discussion

Figure 1 shows an exemplary series of H,O
deposition on 2.6nm Silica particles. Here, the H,O
concentration has been kept constant to 5E15 m®and
the particle mass is shown as a function of trapping
time for 4 different particle temperatures.
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Figure 1: Exemplary dataset of an H,O deposition experiment on
2.6nm SiO, particles used for desorption energy (green curve),
critical saturation (red curve) and growth rate (black curve)
analysis.

The green curve at a particle temperature of 147.3K
and a Saturation of S=4 represents a typical
measurement below the nucleation threshold. The
increase in mass reflects the adsorption/desorption
equilibrium process of H,O molecules on the surface
of the particles under these conditions. From
measurements like this we determine the desorption
energies for the investigated vapors and nuclei
materials. By decreasing the particle temperature and
thereby increasing S we reach conditions at which
nucleation and further mass aggregation takes place
(red curve, T=144.7, S=7). By observing this
transition, we are able to experimentally determine
the critical saturations needed for cloud formation.
Fitting nucleation theory to the determined critical
saturations gives us the contact parameter of the
particle material. In addition, measurements at high S
values (black curve T=133.6K, S=208) allow us to
investigate particle growth rates.

Overall, we present a full parameterization of the
nucleation process of CO, ice between 64K and 74K
and of H,0 ice between 128K and 155K on pure iron
oxide, silica and mixed iron silicates as analogues for
MSPs. We will discuss the differences in the
nucleation ability of the materials in respect to CO,

and H,O ice and will show that the same
parameterization may also be valid for the nucleation
on Martian  Dust  Particles.  Using this
parameterization we will deduce the Saturations at
which H,O and CO, cloud formation is activated at
conditions relevant to the mesosphere of Earth and
Mars and compare the results to observations.
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Abstract

Cassini repetitive flybys over Titan provide a unique
opportunity to monitor the evolution of the aerosol
content in its upper atmosphere. Here we will present
a complete analysis of the aerosol vertical extinction
profiles between 600 to 300 km retrieved by a limb
multiple scattering model covering the entire UV3
dataset from the beginning of the mission in 2004 (af-
ter the winter solstice in the northern hemisphere) to
the end of the mission in 2017 (after the summer sol-
stice). The complexity of these seasonal variations
will provide further constrains for GCM and aerosol
microphysics models.

1. Introduction

First noticed in 1981 [1] during the Voyager 1 flyby
of Saturn, Titan haze layers were analyzed in detail
in 1983 by Rages and Pollack [2] after the Voyager
2 flyby. The ISS images showed the presence of
an aerosol opaque thick layer around 350 km above
the surface and detached from the main haze. Since
2005, the new ISS (wide and narrow) cameras on-
board Cassini image Titan at irregular intervals with
mean time between intervals of 45 days. In 2011, West
et al. [3] confirm the persistence in time of the de-
tached haze layer at the equator but with an important
altitude variability. Observed at the equator around
500 km in 2007, the detached haze layer collapsed
to 380 km in 2010 and disappeared in 2011 after the
equinox. As predicted by 2D and 3D Global Circula-
tion Models (GCM) [4, 5, 6], the detached haze layer
reappeared in 2016, but we will see that its behavior
did not follow the model predictions.

2. Model description

To get accurate navigation of Cassini ISS images, we
search for bright visible stars in the field of view
(Fig. 1). With at least two stars we can perform a
pointing correction by comparing the star locations

with the GAIA catalogue. Otherwise, we fit a circle
of Titan’s main haze. Both methods provide high pre-
cision navigation of the images.

Figure 1: Star locations (red dots) in CL1-UV3 ISS NAC image
N1521213736_1 (I / F inverted) compare with the GAIA catalogue
(cyan dashed cercles). The red, blue and yellow sketch the solar
limb and latitude/longitude grid for the solid body. The blue and
yellow dots are the sub-Cassini and sub-solar points.

Based on previous scattering analyses [7, 8], we
considered that Titan’s detached haze layer is com-
posed of large fractal aggregates with hundreds of
monomers of 60 nm [9]. Then, we compute for each
altitude between 300 to 600 km a synthetic I,, /F with
a spherical limb radiative transfer model inspired from
Rages and Pollack 1983 [2]:

2n woP(9)); )
oy / {oPO); 4( 5 escp (“ron(2) — 72(2)) 83 Rinclz
i=1_"

(€]

where I is the scattered intensity and 7r- F is the inci-
dent solar flux. (woP(6)); corresponds to the product
of the single scattering albedo and the phase function
for a scattering angle 6 = 180° - phase. 7y; and 7; rep-



resent the local incoming and outgoing optical depth.
B; is the extinction coefficient in the layer that we want
to invert (Fig. 2). We modeled the local multiple scat-
tering input by RJ . This correction factor is an es-
timation of the ratio between the total and the single
single scattered intensity calculated in each layer with
a local plane-parallel solver (SHDOMPP).
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Figure 2: Inverted extinction profile (3) around the photometric
equator in N1551888681_1.

3. Results

We carried out a systematic survey of all the illumi-
nated latitudes between 2004 to 2017 (Fig. 3). Be-
tween 2004 and 2007 the detached haze layer appears
as a continuous layer at 500 km from the south pole to
the north polar hood. Around the equinox in 2009, the
depletion below the detached layer dropped down to
300 km. We noticed that this drop was quicker in the
southern hemisphere. Between 2011 and 2015, the de-
tached haze disappeared but some sporadic depletions
are locally observed. In early 2016, the detached haze
reappeared as a continuous layer in the northern hemi-
sphere down to the south pole. However, in the most
recent images of 2017, we found that the detached
layer no longer exists at the equator but is split into
two different layers at 525 km in the southern hemi-
sphere and 475 km in the northern hemisphere. All
these seasonal variations will be presented in detail to
provide further constraints for GCM and aerosol mi-
crophysics models.
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Abstract

The study of Titan properties with remote sensing
relies on a good knowledge of the atmosphere
properties. The in-situ observations made by
Huygens combined with recent advances in the
definition of methane properties enable to model and
interpret observations with a very good accuracy.
However, the amount of opacity in the 2 pm window
remains ambiguous and the cut-off setup to use in
order to fit peculiar window is significantly different
from what is needed in other windows. Our scope in
this work is to study the methane lines cut-off and to
get information about Titan's surface spectrum.

1. Results

To study the haze layer and more generally the
source of opacities in the stratosphere, we use some
observation made at the limb of Titan by the VIMS
instrument onboard Cassini. We used a model in
spherical geometry and in single scattering, and we
accounted for the multiple scattering with a parallel
plane model that evaluate the multiple scattering
source function at the plane of the limb.

Our scope is to retrieve informations about the
vertical distribution of the haze, its spectral
properties, but also to obtain details about the shape
of the methane windows to disantangle the role of the
methane and of the aerosols. We study the latitude of
45°N, with an image taken in 2006 with a relatively
high spatial resolution (for VIMS) (Figure 1 - left).

We find that the vertical profile of the haze
layershows three distinct scale heights with
transitions around 250 km and 350 km.

We also find that the shape of the 2 pm depends on
the continuum absorption of the methane window
(controlled by the setup of line profile cut-off) and on
another absorption centered around 2.05 pm which
clearly shows up in data. Our tests show that it is
possible to use the same cut-off parameters at 2 pm
than elsewhere provided we include an absorption
feature around 2.05 pum. The different way to treat

this absorption produces similar fit of the atmosphere
intensity (Figure 1 - right), but, on the other and, the
retrieved surface reflectivity can differ a lot (Figure
2).

P s b 1T

Figure 1: (Left) Image of Titan northern polar
region with a extended polar cloud. We a vertical
profile composed with the-pixels inside the white
rectangle.(Right) Spectral variation of I/F in in the
2- um windows at several altitudes between 100 and
400 km. Lines from (a) to (d) are correspond to
models.

Figure 2: Surface reflectivities retrieved with our model at
1.6 um and 2 um, with different setup of the model.
Different setup of the cut-off of the line profiles and
different absorption at 2.03 um are assumed.
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Abstract

Organic aerosols in the early Earth atmosphere are hy-
pothesized to provide additional shielding to solar ra-
diation. We simulate the conditions of this primitive
atmosphere by adding CO» to a N2:CH,4 plasma mix-
ture. We produce aerosol analogs (named tholins) in
plasmas with CO5 / CH4 = 1 and 4. For the latter ratio,
the production of tholins decreases significantly. We
measured the thin organic films via ellipsometry and
modeled this data to obtain the thickness, optical band
gap, and refractive indices from 1 to 5.5 eV. These ab-
sorption coefficients vary with the inclusion of COo,
where the maximum blueshifts as the CO5 concen-
tration is increased. Such measurements reveal how
organic aerosols in the early Earth atmosphere pref-
erentially absorb photons of shorter wavelengths than
typical Titan tholins, suggesting a coolant role in the
early Earth. The refractive indices of such materials
can further improve climate models of the early Earth.

1. Introduction

COs is considered to be the dominant greenhouse gas
offsetting the early Sun that could have kept the early
Earth unfrozen. The partial pressure of CO; is ex-
pected to be more abundant in the Archean eon than
in the modern Earth, and even more abundant in the
Hadean. Modeling work expects CO» abundances of
3% to sustain a global average surface temperature
of 273 K in the Late Archean and 10% to sustain a
temperature of 288 K in the Early Archean [1, 6].
However, CO5 can be removed by the flow of car-
bon into the mantle via the subduction of carbonatized
seafloor [4], diminishing the atmospheric reservoir and
decreasing its warming effect on the Archean climate.
In addition, photochemistry of CO; in the early at-
mosphere could lead to formation of hazes which, de-
pending on their optical properties, could induce early
atmospheric warming or cooling. The aim of this work
is to experimentally simulate the hypothetical compo-

sition of the early and late Archean, and to understand
the impact of CO- in the production and optical prop-
erties of organic hazes.

2. Methods

Tholins, complex amorphous organic solids, were pro-
duced using the PAMPRE setup, a low pressure (0.95
mbar) radiofrequency (R.F.) plasma reactor [5]. This
setup allows the simulation of the complex organic
chemistry initiated by VUV solar photons in the iono-
sphere of the early Earth and Titan [2]. A 13.56 MHz
R.F. power source tuned at 30 W generates a capac-
itively coupled plasma (CCP) fed by a gas mixture.
Two different gas mixtures were used No:CH4:COq
at 90:2:8 and 90:5:5 ratios No:CHy, at 95:5 ratios.
The plasma was produced within a vertical cylindri-
cal cage. Bare silicon substrates were placed on the
bottom electrode. The plasma is turned on until a thin
film is deposited on the substrates.

Table 1: Early Earth tholins.

N5:CH4:CO; CO3/CH4  Yield [nm / hour]
90:2:8 4 8+3
90:5:5 1 180 £ 8
95:5:0 0 425 + 15

3. Analysis

Ellipsometric measurements were performed for the
three different tholin samples produced with and with-
out CO,. The measured ¥ and A parameters result
from the interaction between the light with both the or-
ganic film and the Si substrate. We model a multilayer
system consisting of the substrate, the organic material
and a roughness layer, combining the optical constants
of the organic layer and air. The tholin is modeled via
a Tauc-Lorentz oscillator, applicable to amorphous or-
ganic films [3]. From these models, we note that the
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Figure 1: Refractive indices modeled for tholins pre-
pared with different mixtures of No:CH,4:CO».

center of the main ultraviolet band is blueshifted for
CO, / CHy = 4 with respect to CO2 / CHy = 1, sug-
gesting that the presence of CO; leads to organics ab-
sorbing UV photons at higher energies.

4. Conclusions

Our experiments show that even at high concentra-
tions of CO5/CH,, organic aerosols can still be pro-
duced. This suggests that even if the atmosphere of the
primitive Earth was oxidized, photochemical organic
aerosols could still be produced. However, as the CO2
concentration increases, the aerosol yield significantly
decreases due to the intermediate plasma production
of H,O, among other reactants [2], consequently im-
plying a reduced aerosol yield in the Hadean and early
Archean.

We modeled the refractive indices of these tholins
from 1 to 5.5 eV (225 - 1000 nm). The far UV shield-
ing properties of the most oxidized tholins (with a
maximum absorption peak at 318 nm) makes this or-
ganic haze essentially a coolant, particularly if con-
sidering the blueshifted spectrum of a young Sun. As
the amount of CO5/CHy4 decreases, the production of
organic aerosols is more efficient, but they are opti-
cally less absorbing than those produced at higher CO4
partial pressures, absorbing UV photons shortward of
413 nm. When CO; is removed, as in the case of Ti-
tan’s reducing atmosphere, the tholin production yield
is greatest, absorbing UV photons shortward of 518
nm.
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Abstract

In this study we present the analysis of the dust
properties of a local storm imaged in the Atlantis
Chaos region on Mars by the OMEGA imaging
spectrometer on March 2™ 2005. We use the
radiative transfer model MITRA to study the dust
properties at solar wavelengths between 0.5 um and
2.5 um and infer the connection between the local
storm dynamics and the topography. We retrieve
maps of effective grain radius (res), optical depth at
9.3 um (g3) and top altitude (ta) of the dust layer.
Moreover, we discuss about the region where the
storm originated. Finally, we deduce that the 5 pm
transmission window can be reliably used to sound
the temperature of the surface only for 793< 1.

1. Introduction

The study of suspended dust on Mars is fundamental
to understand the planet’s thermal structure and
climate [6]. Martian aerosols are mainly made up of
micron-sized particles, probably produced by soil
weathering [11], and are composed by nanophase
ferric oxide particles [10].

Different dust phenomena happen on Mars, including
dust devils (localized), local dust storms (regional)
and global dust storms (global-scale) [3]. In the solar
spectral range, where solar light reflection prevails
the thermal emission, a dust storm usually appears
bright and can mask the underlying low-albedo
terrains (e.g. [14]).

The top altitude of local storms varies significantly,
ranging from a few hundreds of meters to more than
10-20 km above the surface [7].

In this work, we study a local dust storm observed on
Atlantis Chaos region during Martian Year (MY27)
by the OMEGA spectrometer [2] on board the Mars
Express (MEX) spacecraft. Section 2 describes the
analyzed observations. The method of the analysis is
presented in Section 3. Finally, our results and
conclusions are given in Section 4.

2. Observations

We analyze orbit 1441 5 registered by OMEGA in
March 2005 (Ls = 168.619°). In the observation the
storm is cut at west and is centered at longitude =
176.5° W and latitude = 33.5° S. In the solar part of
the spectrum at about 1.2 um the storm appears as a
bright cloud and is characterized by more than twice
the signal of surrounding regions. Reflectance factor
spectra taken on and off the storm show changes in
the spectral shape between around 0.7 and 1.4 pm,
This happens since the surface mafic absorption
signature is absent on the storm but becomes
important by moving from the storm center to its
boundaries and to regions outside the storm itself.
Hence, an independent knowledge of the spectral
albedo of the surface underneath the cloud is required
in order to analyze the storm properties with a
radiative transfer (RT) model.

In order to retrieve the surface albedo spectra
(Section 3), we analyze OMEGA orbit 3262_5, since
it is characterized by a low dust optical depth [9] and
covers almost the same region where the storm is
observed in orbit 1441 5.

3. Method and Model

In this study, we consider a part of the intersection
between orbits 1441 5 and 3262 5, extending
between longitudes 176.5° W and 177.5° W and
latitudes 32.0° S and 35.7° S, covering regions hoth
on and off the storm.

To derive the surface albedo spectra of this region we
apply the Surface Atmosphere Separation (SAS)
method [5] to the pixels of orbit 3262_5.

To retrieve the dust cloud effective radius (res), top
altitude (ta) and optical depth at 9.3 pm (z93) we
adopt the RT model and inversion algorithm
described in [12] and [13].

The atmospheric temperature-pressure profiles and
gases mixing ratios are derived from the Mars
Climate Database (MCD, [8]).



To account for the dust composition, we adopt the
optical constants by [14] and assumed a lognormal
particles size distribution with 0.5 effective variance
(MCD).

4. Results and conclusions.

We obtained spatial maps of the retrieved parameters,
showing that larger particles (rgs = 1.6 pm) are
gathered at the center of the storm, where 793> 7 and
the dust cloud extends to more than 18 km. On the
other hand, outside the storm, the dust appears
confined down to the surface with smaller particles
(ret < 0.9 um) and 793 < 0.2 (in agreement with the
estimates from [9]). By analyzing the thermal inertia
of the region [4] we deduce that the dust making the
storm comes from a region at west/north-west of
Atlantis Chaos, characterized by low thermal inertia
values. Once lifted, the dust is then confined within
the north-east ridge of Atlantis Chaos by the
combination of the horizontal and vertical wind
profiles (MCD), in agreement with the results from
our retrieval.

Finally, by comparing the retrieved dust optical
depths with the data in the thermal range, we
deduced that when 793 > 1, the 5 um transmission
window, wusually adopted to sound surface
temperatures (e.g. [1]), cannot be reliably used. A
paper describing this study has been submitted to
Icarus.
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Abstract

The VIRTIS spectrometer on board the Venus
Express spacecraft observed Earth several times. A
subset of 48 observations has been taken from a
distance at which our planet is imaged as sub-pixel
size. We study this full subset to understand which
spectral signatures, related to different surfaces and
cloud types, can be identified from the integrated
planet spectrum. As expected, we find that the cloud
coverage has a key role in the identification of
surface features. To investigate this finding we built a
simple tool capable to simulate observations of an
Earth-like planet as seen from a VIRTIS-like
spectrometer, in order to infer the percentages that
are required to identify each surface and cloud type
when all the spectral information is integrated into a
single pixel.

1. Introduction

One of the main objectives of exoplanets science is to
find and characterize habitable planets. To this extent,
a major role will be played by the direct imaging
technique (first direct images of an exoplanet
published in 2008 by [5]), taking advantage of a
generation of adaptive optics assisted telescopes like
ESO/VLT-SPHERE [1] and Gemini Planet Imager
(GPI, [6)]).

Radial velocity and transit searches indicate that
Earth analogs are common. However, an extreme
contrast at very small angular separations must be
achieved in order to image them [7].

Disk averaged spectra of planets detected with this
technique will allow the characterization of these
worlds’ atmospheres and, hopefully, their surfaces.
Sensitivity studies focused on what we can expect to
detect on Earth-like planets have already been done
by analyzing synthetic spectra consistent with ground
based and satellite observations [9,3].

In this work we perform a sensitivity study, focused
on the detectability of different surface and cloud
spectral endmembers (Section 2), based on the use of

data registered by the VIRTIS spectrometer [2,8] on
board both the Rosetta and Venus Express (VEX)
spacecrafts.

2. The planet simulator

We selected Earth spectral endmembers from an
Earth observation registered by the Rosetta/VIRTIS-
M spectrometer during the third flyby of the
spacecraft around our planet, occurred in November
2009. From the observation, relative to a region at the
north-west of Africa, we obtained endmembers for
vegetation, ocean, desert, liquid water clouds and
water ice clouds. Then, we mixed these endmembers
with a randomization algorithm to generate planets
observed by a VIRTIS-like spectrometer from user
defined distances and observing geometries. At the
first order, the Lommel correction has been applied
to photometrically correct the selected endmembers.
We fixed the observing geometry to reproduce a
secondary eclipse condition, with the emission angle
equal to 0° at the center of the planet and the azimuth
of the stellar boresight at 45° with respect to the
center of the planet. Then, we investigated all
possible combinations of percentages for the
different endmembers to obtain the threshold values
needed to detect each spectral class when the planet
is observed as a single pixel. From this analysis, it
results that clouds have a major impact on the
detectability of the surface, confirming previous
studies by other authors, based on models [9]. Our
results suggest that, when the total cloud coverage is
larger than 40%, surface features are undetectable.

3. Investigation of VEXx data

We performed the same sensitivity analysis directly
on VEX/VIRTIS data. It results that surface is never
detectable in these observations and the signal from
clouds is dominating the spectral information of the
integrated spectrum. To verify this result, we studied
the daily cloud coverage from MODIS spectrometer
[4] data, available at the Nasa Earth Observations



website. The average cloud coverage relative to VEx
Earth observations is always larger than 40%,
confirming the results we obtained with the tool
described in Section 2.

4. Summary and Conclusions

The results from our simple planet simulator show
that, when the planet is observed as a single pixel, the
surface endmembers can be detected only when the
total cloud coverage is less than 40% in the
instrument field of view (Section 2). The analysis of
VEXx Earth sub-pixel observations shows that only
clouds can be detected, in agreement with our results
and with the computed daily Earth cloud coverage
(Section 3).

We will update out planet simulator by refining the
endmembers photometric correction. Then, we will
investigate different viewing and illumination angles
to check the dependence of the endmembers
detection thresholds with the observing geometry.
Moreover, we will investigate other possible spectral
conditions to exploit more the wavelengths of
VIRTIS-M infrared channel.
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Abstract

To understand the Venus atmosphere, LMD and LATMOS
laboratories have developed a 3D IPSL Venus Global
Climate Model (Lebonnois et al. 2010). In this GCM, the
cloud description is simplified. As clouds play a crucial
role in radiative transfer, dynamics and generally the
climate of Venus, it is necessary to improve the VGCM
with a microphysical representation.

1. Introduction

Venus is a terrestrial planet enshrouded by a 20 km-thick
layer of clouds. The clouds are thin, like cirrus on Earth but
they are stratified and create a large opacity. The cloud
layers are surrounded by haze above and below. Moreover,
this cloud system is divided by properties of particle size
distribution into three layers: the upper cloud deck (57 to
68 km), the middle cloud deck (51 to 57 km) and the lower
cloud deck (48 to 51 km) [1]. The droplets that constitute
the clouds are composed of a H2S04-H20 solution. The
crystalline phase of the cloud particles is still debated [1,2].
There is only one complete in-situ profile on cloud droplet
properties measured by Pioneer Venus during its descent

[1].

The upper cloud deck and the upper haze were studied by
several missions, for example recently by Venus Express
[3]. The droplet size distribution is divided in several size
modes. The mode 1 (mean radius rm = 0.2um) is the
smallest but has the largest number concentrations. Modes
2 (rm = 1.0um) and 3 (rm = 3.5um) hold most of the
condensed mass [1]. The division in modes 2 and 3 of the
largest particles and the existence of mode 0 and 2’ are still
debated [1,4,5]. The cloud top and base altitude change
with latitude, and the particle size has a latitudinal
dependence [4,6].

In addition, an unknown UV absorber is present in the
cloud layers and may be related to clouds. At last, the
clouds affect the radiative balance, the sulfur chemical
cycle, the dynamics and the atmospheric structure of
Venus.

2. Modelling

In order to understand the observations and the
atmospheric processes on Venus, it is crucial to
develop a climate model like the IPSL Venus GCM.

2.1 The IPSL Venus GCM

The Venus Global Climate Model has been developed at
the LMD [7]. The characteristics of this model include
radiative transfer, dynamics, atmospheric chemistry,
diurnal cycle and a full topography defined by Magellan
mission’s data. With this full GCM, the Venusian
atmosphere is simulated between 0 and 150 km. However,
the description of the cloud layers is simplified. [7] have
pointed out some problems with the prediction of the
temperature profile. These problems may be due to the too
simple representation of clouds. Thus, to achieve better
simulations of the Venus climate, the GCM needs a
microphysical model.

2.2 MAD-VenLA and the moments

To this end, we develop a microphysical bi-modal model
based on Modal Aerosol Dynamics of Venus Liquid
Aerosol cloud model (MAD-VenLA). This model uses an
implicit moment scheme to describe the particle size
distribution and the microphysical processes in 0D. The
moment method is a statistical method to describe a
distribution function with few parameters called moments.
Each moment is associated with meaningful parameters of
the aerosol size distribution. In our case the particle size
distribution is described by its first moments: total particle
number (zeroth moment) and total particle volume (third
moment) of the size distribution [8]. Moreover, with this
representation, the form of the size distribution is assumed
to be a log-normal function. MAD-VenLA takes into
account  condensation/evaporation, nucleation and
coagulation. To represent a source of aerosol particles and
the sedimentation of our cloud droplets, we have developed
a 1D extension to our model. MAD-VenLA is coupled with
the 1D version of the IPSL Venus GCM and by extension
can also be used within the 3D version of the GCM.



3. Results

The preliminary results of MAD-VenLA in 1D show a
good agreement with observations [3] in the calculation of
the droplets' weight percent of sulfuric acid (Figure 1).

Il‘p'l:'ll_illﬂ af H2504 in draoplets with altitLdes

3 o
Figure 1. The Weight percent of sulfuric acid in droplets at
different altitudes, at low latitudes (0-30°). The results
between 62 and 72 km are more or less 82% like [3].

We are currently studying the 1D results of IPSL Venus
GCM coupled with MAD-VenLA.

First, we will describe MAD-VenLA and the assumptions
that we made in the development of this model. Then, we
will compare the 1D results with CARMA, a sectional
model of Venus [9], and the Pioneer Venus LCPS
observations [1]. At last, we will present you the firsts
results of the IPSL Venus GCM with a microphysical
model.

4. Summary and Conclusions

The development of this model will allow us to have a
better understanding of Venusian climate with a complete
global climate model. The moment method is already used
in the IPSL Mars GCM [11] and the IPSL Titan GCM [12]
to describe the cloud microphysics.
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1 Introduction

During 2006 -2014 the Venus Monitoring Cam-
era (VMC) onboard Venus Express (VEx) was
imaging the Venus clouds in four narrow spectral
channels that shared one CCD: UV (0.365um),
VIS (0.513pm), NIR1 (0.965um), and NIR2
(1.010 pm) [1]. Around 350 000 wide-angle images
of the planet were obtained covering almost all the
latitudes, which allowed the knowledge on mor-
phology and dynamics of the cloud deck of Venus
to be substantially extended [2].

The first images of a full glory in unpolarized
light on the upper cloud deck of Venus were ob-
tained with VMC [3] (see fig. 1). Glory is an op-
tical phenomenon observed near opposition that
poses constraints on the properties of cloud parti-
cles: they have to be spherical, and their size dis-
tribution has to be rather narrow. Observations
of glory are of key importance for the phase func-
tion analysis of the Venus upper clouds, composed
of H,SO, droplets: the angular positions of maxi-
mum and minimum are determined by the size of
particles, and the brightness of the first peak de-
pends on their refractive index (especially in NIR,
see fig. 2) [3, 4].

In this report we summarise our retrievals from
the all VMC dataset [3-7]. From fitting the phase
profiles with models, we have obtained the opti-
cal properties of the Venusian clouds (i.e. effective
radius R, and variance vy, of particles’ size dis-
tribution, refractive index m, of aerosols, optical
thickness of cloud layer 7 and haze 73,), and their
spatial (in latitude) and temporal (in local time)
variations.

2 VMC data and modelling

To estimate the properties of cloud particles, we
modeled the phase dependence of brightness re-
trieved from the dayside images. We have anal-
ysed the whole set of the VMC data and separated
them into two types: the data obtained in three
channels (NIR1, UV ans VIS) in glory region, ¢.e.
at small phase angles (0° < o < 60°) [3-5, 7], and
the data retrieved only in NIR1 channel at phase
angle range 0° < a < 140° for the local solar time
(LST) interval of 6-18h [6].

The model assumes plane-parallel atmosphere
and consists of two layers: an optically thick cloud
layer and a thin haze layer above it. For the
main cloud layer two versions were considered: (1)
only H,SO, droplets of the 1-m mode are in the
clouds, and (2) the clouds are composed of 1 mi-
cron Hy,SO, droplets homogeneously mixed with
small submicron particles of the same size as those
in the above haze. This allowed us to distinguish
the influence of the submicron mode, which is al-
ways present in the clouds, on the measured phase
profile.

To find the intensity of light scattered by the
cloud-haze system, the radiative-transfer code
solving numerically the invariant embedding equa-
tion was used [8]. To calculate the single scat-
tering phase functions of spherical particles in the
clouds and the haze, the Mie theory was used, be-
cause the particles in Venus clouds are expected to
be liquid (i.e., spherical) and the smaller submi-
cron particles presumably present in the haze and
everywhere in the clouds are so small for the VMC
wavelengths that can be also treated as spheri-
cal, even if they are solid. The total number of
combinations in the values of varied parameters
exceeded 1500 [see 6]. The best fits were chosen
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Figure 1: Venus glory as observed by VMC. Left:
VMC images and a false-color composite of the
glory. Right: the normalized measured values of
NIR1 brightness (dots with error bars) as a func-
tion of v are compared to the cloud models [3].

automatically by the least square method.

3 Summary

Joint analysis of the whole VMC data set (the
glory data obtained in three VMC channels and
the full phase dependencies built for NIR1) yielded
the maps of temporal (within a local day) and
spatial variations in the retrieved parameters of
the clouds, and allow us to conclude the following
[3-7]:

o The decrease of the particle sizes at high lat-
itudes down to 0.6pm at 60°S is definitely
seen.

e The cases with a relatively high real part of
the refractive index (1.45—1.49 with sporadic
spikes up to 1.52) are very often observed for
the 1-micron cloud particles. An additional
component (sulfur or ferric chloride) with a
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Figure 2: Examples of the single-scattering phase
functions calculated for VMC wavelengths and dif-
ferent optical properties of particles.

high refractive index should be present in the
cloud droplets.

Small submicron particles (R = 0.23 pm)
are detected mostly in the morning within the
clouds and/or in the haze above the clouds.

No clear long-term variations of the retrieved
parameters were found.
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Abstract

Many recent studies on Titan are concerned with
aerosols. In particular, questions are asked on how
these complex organic molecules are formed and
evolve in Titan’s atmosphere. Here for the first time
we experimentally study how harsh plasma
environment simulating Titan ionosphere can affect
these aerosols. Titan tholins are placed in a Nz-H;
plasma reactor and sample signatures are measured
by infrared transmission spectroscopy. First results
show an evolution of the absorption bands. Therefore,
plasma conditions seem to change tholin chemical
structure.

1. Introduction

Observations by Cassini have revealed the formation
of complex organic molecules in Titan ionosphere [1].
To better understand this complex chemistry, several
experiments were conducted to reproduce analogs of
Titan aerosols in laboratories [2,3,4]. These tholins
appeared to be polymeric and nitrogenous molecules,
and the influence of different parameters on the
aerosol formation process has been studied [5,6].

However, a new issue might be addressed. Indeed,
aerosols stay many years in Titan upper atmosphere,
a dusty plasma where molecules are continuously
bombarded by charged molecules. Consequently,
tholins are likely to evolve in such an environment.
The aim of this study is therefore to address this
question by experimental simulation: we will analyze
the effect of harsh plasma environment on tholins
already formed.

2. Experimental device
2.1 Sample synthesis
Aerosols samples used are first formed in the plasma

reactor PAMPRE at LATMOQOS, under conditions
described in [6].

2.2 Plasma reactor

Samples are positioned at the center of a plasma
reactor at LPP, where they are exposed to plasma
during several hours.

The plasma reactor chosen is a DC glow discharge
ignited in a 2 cm inner diameter tube with 23-
centimeter length [7]. A 5 sccm flow of Nj-H; gaz
mixture with 1% of hydrogen goes through the cell,
and the pressure can be adjusted from 0.5 to 3.0 torr.
The current is kept constant at 20 mA for this work.
The effect of pure Nz gas is also studied. The plasma
reactor is adapted to fit inside the sample
compartment of the FTIR, allowing for direct in situ
measurement through the tholins sample under direct
plasma exposure.

2.3 Analysis with IR spectroscopy

The evolution of these samples exposed to N-H;
plasma is observed by infrared absorption
spectroscopy, using a FTIR (Bruker V70 with 0.16
cm® resolution). Tholins are prepared in shape of
thin pellets and placed in the middle of the plasma
reactor, and centered on the FTIR beam to perform
measurements in transmission through the pellet.
However, pure tholins being too absorbent in IR to
obtain satisfactory spectra, we diluted samples with
98.5% of KBr, transparent in the IR range studied.

Figure 1: plasma reactor positioned in the FTIR



3. Results

We can observe changes on tholins even with naked
eyes. Samples, at first brown, lighten and pellets
become rough. Besides, IR spectra of tholin pellets
are distorted after exposition to plasma.

3.1 Erosion of pellets

At first, we can note that pellets are eroded by plasma.

Absorbance decreases to 40% of its initial value
concerning the nitrile 2180 cm? band after an
exposition of two hours at 1.9 torr. This value
depends on various parameters, as pressure,
exposition time or pellets concentration in tholins.
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Figure 2: IR absorption spectra obtained by transmission
through tholin pellets exposed to plasma at 1.9 torr during
different times — with a corrected baseline

3.2 Chemical evolution

The normalization of individual peaks shows that IR
absorption bands characteristic of tholins formed in
PAMPRE are distorted during exposition to plasma.
This witnesses changes in samples chemical structure.
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Figure 3: Same absorption spectra as in figure 2,
normalized and zoomed on the nitrile band

4. Perspectives

These first results concerning evolution of Titan
tholins exposed to N»-H. plasma show that tholins
seem sensitive to plasma conditions and structurally
changed. An experimental compromise might be
done in the choice of parameters to obtain notable
structural modifications on tholins without totally
eroding the pellets.

Besides, chemical analysis and study of surface state
are the next steps to better characterize these changes.
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Abstract

Measurements of the vapor pressure of H,O and CO,
at temperatures relevant to the middle atmosphere of
Earth and Mars are rare but important in order to
describe cloud formation and ice particle growth
processes. In this contribution we present a novel
technique for measuring the vapor pressure of
condensable gases by analyzing the depositional
growth rates on free nanoparticles at high
supersaturation. The method is applied to measure
the vapor pressure of CO, between 75K and 85K. By
comparison with previous measurements and
parameterizations we are able to show the excellent
functionality of the method. In addition, the method
is used to measure the vapor pressure over H,O ice
between 135K and 160K. We show that the vapor
pressure of so called stacking disordered ice Iy
deposited at temperatures below 160K s
significantly higher compared to hexagonal ice Iy.
The consequences for ice cloud formation in the
atmosphere of Earth and Mars will be discussed.

1. Introduction

Measurements of the vapor pressure of H,O and CO,
at temperatures relevant to the middle atmosphere of
Earth and Mars are rare but important in order to
predict conditions for H,O and CO, cloud formation
and ice particle growth processes. Whereas CO; is
known to have one phase down to a temperature of
about 50K [5], water ice can in addition to the well
characterized and stable hexagonal ice I, freeze in
different metastable forms. At temperatures relevant
to the middle atmosphere of Earth and Mars, water
has been identified to form so called stacking
disordered ice Iy [e.g. 7], and below about 120K
amorphous ice 1, [e.g. 4]. The vapor pressure of I, has
been determined to be about 3 times larger as
compared to Iy [e.g. 10]. Due to heat capacity

measurements [e.g. 11] and direct pressure
measurements between 180K and 190K [9], the
vapor pressure of Iy is believed to be about 10% to
15% higher as compared to I, [8]. However, high
quality vapor pressure measurements of Iy at
temperatures below 160K do not exist and are
eminent in order to proof the expected difference in
the vapor pressures of I3 and I,

Recently, we introduced a novel experimental setup
[2, 6] specifically designed for the investigation of
adsorption, nucleation and subsequent depositional
growth of H,O and CO, on nanoparticles at
temperatures relevant to the middle atmosphere of
Earth and Mars. Analyzing the CO, and H,O ice
growth rate of the particles at high saturation
(S>1000) allows us to determine the vapor pressure
at the investigated temperatures.

2. Experimental Method

Singly charged nanometer size iron oxide and silica
particles are produced in a microwave plasma
particle source and directly transferred into the
TRAPS vacuum system [6]. The particles are size
selected and accumulated in  the novel
supersaturation chamber and ion trap MICE [2]. In
MICE, the particles are exposed to realistic
mesospheric conditions in terms of background
pressure and temperature as well as CO, and H,O
vapor concentrations. The vapor pressures of CO,
and H,0 are adjusted by controlling the temperature
and therefore the sublimation speed of molecules
from CO, or H,O covered surfaces. From MICE we
extract a small amount of the trapped particle
population at periodic time steps and analyze their
mass distribution with a time-of-flight mass
spectrometer. By observing CO, and H,O growth
rates on the nanoparticles at high S values (5>1000)
we are able to infer the sublimation rate and therefore



the vapor pressure of CO, and H,O at the controlled
surface temperature.

3. Results and Discussion

Figure 1 shows an exemplary measurement of H,O
deposition on a 2.5nm silica particle. The particle
temperature has been kept to 129.7K. The surfaces
supplying the flow of water molecules have been set
to 156.7K.
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Figure 1: Exemplary measurement of H,O ice growth on a 2.5nm
silica particle at a Saturation of 1600

The H,0 ice growth rate of the nanoparticles can be
expressed by the simple equation:

am

PT [@ " jin = Jour ()] - Ac(E) - My,o0 1)
Here, my,, is the mass of one water molecule and
A (t) is the effective surface area which describes
the collision between the particle and a water
molecule. The sticking coefficient a has been
determined to 1 for CO, [3] as well as H,O [1] at
investigated particle temperatures. The outgoing flow
Jour €an be calculated according to the Kelvin effect.
However, at S values above 1000, uncertainties in
calculating j,,, become less significant. The red
curve in Figure 1 represents a numerical fit of j;, in
Eg. 1. By knowing the geometry of MICE [2], j;, can
be used to calculate the vapor pressure at the
temperature of the surfaces providing the water
molecule flow.

We will present results of the vapor pressure
measurements for CO, between 75K and 85K. These
measurements  are  compared to  existing

measurements  and CO, vapor  pressure
parameterizations at these temperatures. We conclude
that analyzing growth rates on nanoparticles in MICE
at high S values is a very sensitive technique to
measure the vapor pressure if the sticking coefficient
is known. In addition we show determined vapor
pressures of Iy between 135K and 160K and
conclude that the vapor pressure of Iy might be
significantly increased in respect to I, and discuss its
consequences to water ice cloud formation in the
atmosphere of Earth and Mars.
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Abstract

Mesospheric clouds have been observed on Mars for
about 15 years. Microphysical modeling studies have
provided evidence that an exogenous Ice Nucleus (IN)
source is needed to form these clouds. These IN are
probably Meteor Smoke Particles (MSPs) as in the
Earth’s mesosphere. Recent studies have provided
new information on the properties of the MSPs and
of CO,; ice: we are presenting here updated results
using these new parameters.

1. Introduction

Martian mesospheric CO, clouds were detected and
imaged in 2007 by [1], after first hints of their actual
existence from infrared spectroscopy [2]. Several
observational datasets on mesospheric clouds have
been accumulated over the years (with and without
composition retrieval) [3-9] and a long climatology
can be established. Global Climate Modeling has
shown that the mesospheric clouds form in the
temperature minima of migrating and non-migrating
tides, but they are not sufficient to cool the
atmosphere below the condensation temperature of
CO, [10]. It was shown [11] that mesospheric cloud
observations correlate with the privileged zones of
gravity wave propagation to the mesosphere, giving
strong evidence of a link between the two
phenomena. Subsequent microphysical modeling
[12-13] in one dimension showed that using
temperature profiles accounting for the effects of
thermal tides and gravity waves resulted in observed-
like clouds, if the profiles were cooled by some
degrees and if a mesospheric IN source was added in
the simulation.

1.1 The microphysical model

The microphysical model is based on the work by [14]
and was adapted to Martian CO, ice clouds by [12-
13]. This sectional cloud model describes the

processes of cloud crystal formation by
heterogeneous (deposition mode) nucleation onto IN,
their condensational growth or evaporation, and
sedimentation and vertical mixing by eddy diffusion.

1.2 New parameters

Recently published experimental results [15] show
that the contact parameter (m) of CO, ice that was
previously used in the models is too favorable for
nucleation of CO, ice on dust. The previously
measured value for this parameter (m=0.952) came
from [16], who studied CO, ice nucleation on a flat
water ice substrate. When [15] used nanometer-size
MSP and Mars dust analogs as IN in their nucleation
experiment, they found a much lower value of
m=0.78. They also measured a new value for the
desorption energy of CO, on the IN. In another study
[17] the CO, ice density was measured at low
temperatures showing a clear dependence on
temperature. In this work, we are applying the
updated values of the aforementioned parameters in
our microphysical model [13] to quantify their effect
on cloud formation.

2. Results

The new contact parameter has a large influence on
the supersaturation necessary to activate the IN.
Figure 1 shows the nucleation probability (giving the
fraction of the activated IN) for CO; ice as a function
of saturation ratio and the corresponding temperature
deviation below the condensation temperature. The
results are shown for four IN radii at the conditions
prevailing around 75 km (atmospheric pressure 0.01
Pa). It is clearly seen that the new contact parameter
[15] has a profound effect on nucleation: for all
studied particle sizes, the saturation ratios required to
activate the IN increase by one order of magnitude
compared to the contact parameter of [16].
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Figure 1: Nucleation probability for four IN radii as a
function of the saturation ratio and the corresponding
deviation below the condensation temperature. The
atmospheric pressure is 0.01 Pa (as around 75 km). The
black lines show the results for contact parameter m=0.95
and the red lines for m=0.78.

Figure 2 shows the required temperature deviation
below saturation as a function of the IN radius, and
includes also the two other parameters, CO, ice
density and desorption energy of CO,. For IN of 10
nm radius, the temperatures need to be decreased by
6 K to activate them compared to the old value of m.
It can be seen that the other parameters have a minor
role on the activation temperature deviation.
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Figure 2: The temperature deviation below saturation
required for IN activation as a function of the IN radius.
The atmospheric pressure is 0.01 Pa (75 km). The blue
lines show the results for contact parameter m=0.95 and the
black lines for m=0.78. The legend shows the variation of
the different parameters: 0=old value, 1=new value.

We have also looked at the 1D results for the clouds.
We chose a good simulation of a daytime cloud from
[13] and rerun it with the new parameters. The IN
profile of the simulation includes the climatological

dust profile and a MSP source in the mesosphere.
Figure 3 shows the results of the simulation with the
old contact parameter and two simulations with the
new one.
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Figure 3: Effective radius (color) and opacity (lines: solid
at 1 um, dashed at 500 nm) of the cloud as a function of
pressure and time from the start of the simulation. The IN
are injected at the supersaturated region (dashed) and are of
10 nm radius. Upper panel: m=0.95; middle and lower
panel: m=0.78. S.;; indicates the saturation ratio required
for activation of the IN, and S,,.x the maximum
supersaturation reached during the simulation.

The upper panel reproduces the results of [13] and
shows the formation of a cloud within the
supersaturated pocket for a critical saturation ratio of
three (Sc=3) with the old value of m. The middle
panel shows that for the same saturation conditions
(Smax=15) the formed cloud is much thinner
(opacity<10). This indicates that the small IN are
actually not activated, since the reached saturation
ratios (Smax=15) are only enough to activate the
larger particles of the dust lifted from the surface,
which is present in very small concentrations (as
constrained by the Mars Climate Database [18]). The
small number concentration of the activated IN leads
to the very small opacity. The lower panel shows that
a realistic cloud can be simulated if the cooling is
increased (Sp.x=21) so that the new critical saturation
ratio (S¢=20) can be reached: in this case, the MSP
particles can also be activated as IN (at S.;=20) and
the observed cloud opacities are attained.



3. Summary and Conclusions

In the light of new measurements on CO, ice
properties, modeling results show that the martian
mesospheric CO; ice clouds are very difficult to form,
requiring very high saturation ratios (and thus very
low temperatures). The critical saturation ratios
increase by an order of magnitude when using the
new contact parameter to activate the available IN
and to form clouds with observed properties. The
first results suggest that the clouds would strongly
rely on the maximum saturation ratio reached within
the cold pocket, leading to threshold effects making
those clouds even more difficult to form. We are
currently implementing the microphysics into the
LMD GCM [19-20].
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Abstract

Saturn’s polar upper atmosphere undergoes significant
auroral activity, which could impact Saturn’s strato-
spheric chemistry and in return its radiative budget.
Photochemical models including ion chemistry devel-
oped for Jupiter predict that benzene is enhanced in
the auroral regions due to the precipitation of high-
energy electrons and is a precursor for the formation of
heavier ring polycyclic aromatic hydrocarbons. Here
we review recent observations of benzene in Saturn’s
middle and upper atmosphere by Cassini/CIRS and
Cassini/UVIS that advocate for a strong influence of
solar-driven and auroral-driven ion chemistry on Sat-
urn as well. Hydrocarbon aerosols are detected in Sat-
urn’s auroral regions by both instruments, supporting
a similar aerosol formation scenario than in Jupiter’s
stratosphere. We then evaluate their radiative impact
on Saturn’s stratospheric temperatures.

1. Introduction

Saturn’s polar regions are characterized by permanent
dark polar caps in the ultraviolet, whose latitudinal
extent coincides with that of auroral emissions [3].
These dark regions are generally attributed to the pres-
ence of polar stratospheric hazes [13, 7], possibly pro-
duced by the precipitation of energetic auroral elec-
trons [11]. In the case of Jupiter’s polar atmosphere,
benzene (CgHg) has been proposed as a precursor to
the formation of more complex hydrocarbons, such
as polyacetylenes and multi-ring compounds, which
could condense to form polar aerosols [2, 14]. This
formation scenario, in which ion chemistry plays a key
role, could also apply to Saturn, but such model has
not been applied to Saturn yet. In addition, until re-
cently, only the disk-average benzene column density
had been measured from ISO [1]. Such measurements
could not shed light on the influence of ion chemistry
or aerosol formation in Saturn’s atmosphere.

Here we review two recent observational studies

that support the importance of ion chemistry in pro-
ducing benzene and aerosols in Saturn’s atmosphere.
We then study the radiative impact of stratospheric
aerosols on the temperature profile and will present
comparisons with seasonal temperature changes ob-
served by Cassini.

2. Benzene observations

The benzene emission band at 673 cm ™~ has been de-
tected in two sets of spectra acquired by the Compos-
ite Infrared Spectrometer (CIRS) in limb viewing ge-
ometry: at 80S in 2007 (mid-summer) and at 77N in
2015 (late spring). These measurements probes the
neutral, middle stratosphere (3—0.01 mbar). Using a
radiative transfer model coupled to an inversion algo-
rithm, its partial column abundance has been retrieved.
Upper limits on its column abundance have been de-
rived from other CIRS limb spectra acquired at 40N,
35S and the equator. The partial column of C¢Hg de-
rived at 80S, of 4.1 + 1 x 103 cm™1, is of the same
order of magnitude that the upper limits derived at mid
and low latitudes [5]. However, photochemical (neu-
tral) models predict 50 times less benzene at 80S than
at the equator [10]. Furthermore, at 77N in 2015, we
find that the benzene mixing ratio profile must increase
with altitude up to at least the 0.01 mbar pressure level
to match the radiances measured by CIRS at differ-
ent tangent altitudes [6], which is also at odds with
the neutral photochemical model prediction of a peak
abundance at ~0.5 mbar.

In parallel, absorption by benzene has been de-
tected in 18 Cassini/UVIS stellar occultations, includ-
ing three pronounced absorptions at latitudes of 48.9S
in April 2005, 74.3N in September 2012, and 72.7S in
January 2015 [9]. UVIS data uniquely probe the pho-
tochemical production region at the 1 ubar pressure
level. Hydrocarbon number densities are retrieved as a
function of radial distance from Saturn’s center and are
then converted to volume mixing ratios as a function
of pressure. The resulting peak mixing ratios of ben-



zene at 0.1-10 pbar range from about 2x 1078 (72.7S)
to 5x 1077 (74.3N), which is much larger than predic-
tions based on solar UV-driven neutral photochemistry
that produces a peak benzene mixing ratio of 2x 1010
at 0.4 mbar [10]. The detection of benzene at lower
latitudes and near the equator could be explained by
solar-driven ion chemistry, with enhanced production
from the aurora at high latitudes.

Altogether, these two studies advocate for the inclu-
sion of both solar-driven ion chemistry and auroral-
driven ion chemistry in current Saturn photochemical
models to explain the observed benzene abundances.

3. Aerosol observations

Three Cassini/CIRS limb spectra, acquired at 80S in
2007, 77S and 77N in 2015 also exhibited residual sig-
natures that were attributed to aerosol signatures. We
retrieved their opacity profiles in the range 3—0.1 mbar
in distinct spectral bands centered at 700, 750, 780,
1390 and 1450 cm~* [5]. Interestingly, similar spec-
tral features are also observed in Titan’s stratosphere
[12] which have been assigned to vibration modes of
aliphatic and aromatic hydrocarbons. We find that
the aerosol scale height is about twice the pressure
scale height, which suggests that these aerosols are
produced at high altitudes and sediment in the lower
stratosphere, where they accumulate. We also esti-
mate the aerosol mass loading in Saturn’s polar strato-
sphere, which is found to be one order of magnitude
lower than on Jupiter, consistent with their respective
auroral intensities.

Absorption by haze is also detected in one UVIS oc-
cultation, at 72.7S in January 2015 [9]. This absorp-
tion feature in the 180-190 nm wavelength window is
also similar to extinction by haze on Titan [8]. This
unique detection occurs during the polar night where
the mesospheric temperatures are low (125K, as de-
rived from CIRS limb measurements) and favor the
condensation of benzene and hydrocarbon aerosols.

In summary, haze signatures are detected at high lat-
itudes both in CIRS and UVIS datasets. This supports
the link between the precipitation of energetic elec-
trons and the production of benzene and aerosols, as
suggested by previous Voyager and HST observations
and by photochemical models including ion chemistry
developed for Jupiter.

4. Radiative impact

We evaluate the radiative impact of this polar haze
on the thermal structure using a seasonal radiative-

convective model of Saturn’s atmosphere [4]. We as-
sume that aerosols are spherical aggregates with a ra-
dius of 0.1 um and use Mie scattering theory to com-
pute their extinction coefficient. We find that the polar
haze induces a net stratospheric heating during sum-
mer reaching +6 K at the 10-mbar pressure level, and
a net stratospheric cooling during winter reaching -5 K
at and above the 0.1-mbar pressure level [5]. We will
discuss the possibility that Saturn’s warm polar hood
observed in the middle stratosphere during summer
could be partly due to radiative heating by aerosols.
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Abstract

Titan’s organic atmospheric chemistry is unique in
the Solar System. Revealed by the Voyager and on-
going Cassini Missions, a variety of latitudinal and
altitudinal-changing trace species broken down from
the initial No — CHy (98 — 2%) composition, are
found in Titan’s atmosphere in the gas phase [1] and
as ices (e.g. C4N2, HCN) above the poles [2]. Hy-
drogen cyanide (HCN) is the most common nitrile
trace volatile [1,2] and is known to reach condensation
point at stratospheric altitudes [3]. Furthermore, high-
energy irradiation in the upper atmosphere (1400
km) initiates gas phase reactions known to produce
the thick aerosol layers [4]. These aerosols precipi-
tate down to the surface while interacting with the gas
medium and are subject to potential condensation of
trace species such as HCN onto their surface [5]. The
reactivity of HCN is still quite unknown and its poten-
tial for prebiotic chemistry pertains to Titan conditions
[6,7,8]. Thus, we investigate whether the irradiation
reaching Titan’s lower atmosphere and near-surface
conditions be reactive enough to induce photochem-
ical reactions of condensed HCN ice. To do tackle
question, we turn to laboratory simulations of HCN
ice deposits on tholins irradiated at wavelengths rele-
vant to low-altitude and near-surface conditions. Ice
analysis is performed with in situ Fourier-Transform
Infrared and UV-VIS spectroscopy.

1. Introduction

1.1 Gas and solid phase chemistry

Saturn’s moon Titan displays a unique atmospheric
chemistry that is both initiated in the upper atmo-
sphere and further complexified in the vertical column
[4]. Direct monitoring of seasonal clouds from Earth-
based observations helped us infer their transient lo-
cations [9], or compositional characteristics as in the

case of hydrogen cyanide HCN [10,11,12] with the
rise of ground-based observation techniques such as
ALMA. Atmospheric studies with the Voyager 1 mis-
sion were able to identify several organic molecules
[13,14,15]. Later, the Cassini-Huygens (NASA/ESA)
mission provided us with a more precise atmospheric
characterization of the composition, winds and tem-
peratures, while the Huygens lander was able to deter-
mine the composition of the aerosol particles in situ.
Further, the presence of organic ice condensation in
Titan’s atmosphere has been well established since
Voyager, but its formation mechanism and potential
for chemical reactivity still unknown, especially in the
lower altitudes.
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Figure 1: Titan’s temperature profile against some im-
portant nitrile and hydrocarbon species detected in the
atmosphere, from [17]. As also shown in [3], most
species reach their condensation point in the lower
stratosphere and high troposphere, which can then pre-
cipitate to the surface.



C4N2 and HCN ices for example were detected
above Titan’s northern pole, while the presence of
HCN clouds [16] seems to be non trivial. [3] have
developed a 1D microphysics model pertaining to the
condensation of Titan’s most abundant hydrocarbon
and nitrile species. These ices can have relatively long
timescales as they precipitate down to the surface. Hy-
drogen cyanide HCN is thought to start condensat-
ing at low-stratosphere and high-troposphere altitudes,
where particles could coat aerosols or form condensed
ice particles. [5] reported these condensation mecha-
nisms of photo-produced tholins from C4N3 ice pho-
tolysis, whereby articles can either exist in an isolated
state, as a molecular aggregate, or condensed onto the
surface of larger aerosols.

2. Experimental modeling

We use the Titan Organic Aerosol Spectroscopy and
chemisTry (TOAST) setup of JPL’s Ice Spectroscopy
Laboratory (ISL). Tholins were produced with the
PAMPRE setup at LATMOS, using different C'Hy
concentrations, to see their influence on any poten-
tial HCN ice chemical interaction. HCN is produced
using stearic acid and KCN, heated and kept at low-
controlled pressure. The ice deposition is done at low
temperatures (< 80K) on [CHylo = 1%, [CHy4lo =
5% and [C'Hy]o = 10% samples. The tholins are then
irradiated using long-UV irradiation and analyzed in
situ with IR (covering 1 micron to 20 microns) and
UV-VIS spectroscopy.

3. Summary and Conclusions

Using our laboratory simulations relevant to Titan’s
lower atmosphere and surface conditions, the role of
HCN condensates seems to be important. HCN ice de-
posited on [C'Hy)o = 10% tholins seems to go through
a photo-depletion stage, while infrared spectra may
hint at a possible production at 2250-2200 cm ™1 (4.4 -
4.5 pm). UV-VIS-NIR spectroscopy displays unchar-
acterized production features after just a 1h irradiation
(= 10mW).
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Abstract

The recent years have seen rapid progress in the
characterization of exoplanet atmospheres, a progress
that will soon accelerate as new facilities in space and
on the ground become available. Because the
detection and interpretation of atmospheric features is
challenging, it is natural to turn our view towards solar
system objects for training our remote sensing
techniques but also for inspiration on what to look for.
In this context, and using imagery collected by the
Cassini Imaging Science Subsystem camera, we have
investigated how Titan’s disk-integrated brightness
varies with the Sun-Titan-observer phase angle at 15
colors covering the spectrum from 300 to 940 nm [1].
Interestingly, Titan’s brightness increases very rapidly
as the moon approaches back-illumination, and
Titan’s twilight often outshines the dayside at the
largest available angles (166 deg). Closer to back-
illumination, it is predicted that the twilight-to-
daylight contrast will be in the range of 10-200. This
brightness surge is unique to Titan in the solar system,
and is caused by the combined effects of an extended
atmosphere and abundant haze that scatters efficiently
in the forward direction. Hazy and extended
atmospheres may be common at exoplanets [2], and
thus it is worth asking whether some of them might
experience similar brightness surges. The question is
relevant because a positive detection will give us
insight into the scale height and the optical properties
of the prevailing aerosols, and this information is
difficult to extract by other means. The presentation
will summarize the recent findings on the Titan phase
curves, will explore how feasible it is to detect this
optical phenomenon with space-based photometry of
exoplanets, and will comment on other implications
for exoplanet characterization.

1. Titan phase curves

The phase curves were prepared with photometrically
calibrated images of Titan obtained with the Cassini
Imaging Science Subsystem Narrow Angle Camera.
About 6,000 images obtained between 2004 and 2015
were used. The effective wavelengths of the filters
range from 300 to 940 nm. Some of the images were
captured at phase angles as large as 166 deg, which
expands on previous phase angle coverage by the
Pioneer 11 and VVoyager 2 spacecraft (see Fig. 1).
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Figure 1. Cassini/ISS (color symbols) and Pioneer 11 (black
symbols; [3]) phase curves at comparable blue and red
wavelengths.

The brightness surge is attributed to forward scattering
by Titan’s haze from a ring around the moon’s
terminator (Fig. 2). The vertical extent of the ring, and
thus the strength of the brightness surge, are enhanced
by the extended nature of Titan’s atmosphere.



Figure 2. The brightness surge arises from the atmospheric
ring that surrounds Titan when it is being back-illuminated.

2. Exoplanet phase curves

The key conditions for such an optical phenomenon to
occur at an exoplanet are: 1) it must have an extended
atmosphere, 2) abundant aerosols must occur at the
optical radius level, 3) the aerosol particles must be
efficient at forward scattering. Regarding conditions 1)
and 2), it is known that there are numerous exoplanets
with inflated atmospheres (Fig. 3, paper under
preparation), and that haze is a common finding in
atmospheric characterization efforts [2]. Assessing
condition 3) requires detailed modeling of the aerosol
microphysics [4].
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Figure 3. Known exoplanets arranged according to ratio of
scale height and planetary radius (H/Rp), and planetary
radius and orbital distance (Rp/a). Best conditions for a
brightness surge occur towards the right/top of the diagram.

Photometric observations at large phase angles may
therefore provide insight into the above conditions.
For a few select planets, the brightness surge might
reach up to a few tens of ppms (Fig. 3), which is within
reach for a few past and future space telescopes such

as Kepler, CHEOPS and PLATO. This information is
complementary to the information that can be
extracted from transits and occultations.

Summary and Conclusions

Motivated by recent findings on Titan, it is proposed
that brightness measurements at large phase angles
encode key insight into the optical properties and
stratification of aerosols in exoplanet atmospheres.
Future observational efforts should therefore try to
constrain the occurrence of a brightness surge at the
larger phase angles of the best exoplanet candidates.
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Abstract

The ice cloud index (ICI) and the percentage of
cloudy pixels (PCP) in a given region are derived
from a long series of OMEGA images covering 7
Martian years. The pixels are binned onto a 4D
regular grid (longitude, latitude, solar longitude Ls
and local time LT). The resulting gridded ICI enables
the (partial) climatological reconstruction of the
diurnal cloud life cycle by aggregating values from
large regions, covering several degrees of longitude
and latitude during specific seasons. Clouds are more
frequent around summer solstice (Ls=45-135°) early
in the morning and in middle and late afternoon than
around noon (12 h LT) in the tropics and northern
low to mid-latitude regions (lat < 40°N). In the mid-
latitude regions closer to the poles, (lat = 40-55° N or
S), fewer clouds are present in the afternoon, and
more clouds closer to the equinox period (Ls=0-45°
and 135-180°).

We also investigated areas partially covered with
clouds by determining the percentage of cloudy
pixels in the area. During the examined period,
partially cloud-covered areas basically overlap with
fully cloud-covered areas. Exceptions are the
volcanoes (on Tharsis, and Olympus and Elysium
Mons), with very few partially cloud-covered areas.
Hellas is also a particular case: the basin is covered
by a continuous cloud cover surrounded by a thin
ring of partially cloud-covered grid-points.

1. Introduction

Water ice clouds have been first observed from space
in the 1970-80’s (by Mariner and Viking spacecrafts),
and more intensively in the 1990’s, starting with the
MGS mission. But due to their heliosynchronous
orbits, most past and current Martian satellites have
observed the planet only at a specific local time (LT)
during the day (typically at 2-3 p.m. and 2-3 a.m. LT)
over most regions, and therefore cannot provide

information about the diurnal cloud life cycle.
Recently launched satellites MAVEN and MOM /
Mangalaayan) move along non-heliosynchronous
orbits, but have only provided images over a short
period (~2 years). The OMEGA spectrometer
onboard the (non-heliosynchronous) Mars Express
satellite has been providing spectral images at
various times of the day over ~7 Martian years (MY
26-33, i.e. 2003-2016). For each valid pixel from this
abundant spectral image data, we derived parameters
representative of the presence and abundance of
clouds and used them to construct a daily and annual
climatology on a regular spatial grid.

2. Methodology

The detection of clouds is based on the measure of
the depth of a water ice absorption band, initially
applied at 1.5 um [1]. In practice, we now use the
slope of an absorption band around 3.4 um to define
the original ice cloud index (ICIo) and the
normalized ice cloud index (ICI =1 — ICIo) [2]. After
comparison with a threshold value, this ICI indicates
if the pixel is cloudy or not.

In a second step a cloud climatology is constructed.
The pixels are binned into two 4D arrays (cloudy and
cloudy+non-cloudy) according to their longitude,
latitude, Ls and LT, and counted. The bins have sizes
of 1° in latitude and longitude, 5° in Ls and 1
(Martian) hour in LT. ICI values are also binned and
averaged on the same 4D grid.

The cloud coverage, i.e. the percentage of cloudy
pixels (PCP) of each bin is obtained by dividing the
number of cloudy pixels in the first array by the
number of all pixels in the corresponding bin in the
second array.

In a third step, several 4D bins covering larger spatial
areas and longer time periods are assembled
(averaged) in order to form 2D subsets showing
temporal evolutions of clouds.



Comparisons of the ICI with the integrated water ice
column of the Martian Climate Database (derived
from the Martian GCM of the LMD) show that both
datasets have a good correlation and show the same
cloudy areas [2].

3. Cloud cover

Figure 1 shows the average cloud cover of for all
values (0-100%) for Ls=[45°-135°] and LT=[7-17h].

The main cloud structures can be identified: the
Aphelion Belt, around the Tharsis, Olympus and
Elysium volcanoes, Arabia Terra, Syrtis Major, the
edges of polar hoods. The areas with partial cloud
coverage (fig. 2) are basically the same but less dense.
Partial cloud cover is almost absent on Arsia,
Olympus, and reduced over most cloudy areas. The
Hellas basin is covered by a dense cloud cover,
surrounded by a narrow ring with partial cloud
coverage.
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Figure 1: cloud cover (PCP). Highest values in yellow.
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Figure 2: Where are the non-continuous clouds ? Ratio of
non-continuously cloud-covered grid-points (60<PCP<90%)
to the number of all cloud-covered grid-points
(0.01<PCP<100%).

4. Diurnal cloud life cycle

The 4D gridded ICI has been aggregated and
averaged over 17 large regions, covering several
degrees of longitude and latitude during specific
seasons. Although data coverage is sometimes sparse,
clouds are more frequent around summer solstice

(Ls=45-135°) early in the morning and in middle and
late afternoon than around noon (12 h LT) in the
tropics and northern temperate regions (lat < 40°N).
Fig. 3 shows a different cloud life cycle configuration
observed in the Tempe Terra region (30-50°N). In the
temperate regions closer to the poles, (lat=35-55° N
or S), fewer clouds are present in the afternoon, and
more clouds closer to the equinox periods (Ls=0-45°
and 135-180°). This may be related to the presence or
motion of the edge of the polar hoods.
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Figure 3: Normalized Ice Cloud Index (ICI) over the
Tempe Terra region (30-50°N ; 90°W-55°W). Color scale :
black: no cloud ; from purple (low ICI, thin clouds) to red
(high ICI, thick clouds) ; gray: no data.

5. Conclusions

Although the spatial and temporal coverage by
OMEGA data is sparse (~1-2 % of all 4D grid-
points), the derived ICI and PCP are valuable
indicators for detecting and characterizing Martian
water ice clouds when they are aggregated or
averaged over larger regions or longer periods. They
may be useful for the validation of results produced
by high-resolution Martian GCMs [3].
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