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Abstract

Two years of data from the M-channel of the Visible and InfraRed Thermal
Imaging Spectrometer (VIRTIS), on-board of the European Space Agency
mission Venus Express operating around the Venus planet, are analysed.
Nocturnal data from a nadir viewpoint in the latitude band 25°N-55°N are
selected for their configuration advantages and maximisation of the scene
homogeneity. A reference model, and radiance spectrum, is defined based
on average accepted values of the Venus main atmospheric and clouds pa-
rameters found in the literature. Extensive radiative transfer simulations
are performed to provide a synthetic database of more than 10000 VIRTIS
radiances representing the natural variability of the system parameters (at-

mospheric temperature profile, cloud HoO-H,SO4 solution concentration and
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vertical distribution, particle size distribution density and modal radius). A
simulated-observed fitting algorithm of spectral radiances in windows chan-
nels, based on a weighting procedure accounting for the latitudinal observed
radiance variations, is used to derive the best atmosphere-cloud configuration
for each observation.

Results show that the reference Venus model does not adequately repro-
duce the observed VIRTIS spectra. In particular, the model accounting for
a constant sulphuric acid concentration along the vertical extent is never se-
lected as a best fit. The 75%/96% and 84%/96% concentrations (the first
values refer to the upper cloud layers and the second values to the lower
ones) are the most commonly retrieved models representing more than 85%
of the retrieved cases for any latitudinal band considered. It is shown that
the stratified concentration of aqueous sulphuric acid assumption allows to
adequately fit the observed radiance, in particular the peak at 1.74 pm and
around 4 pm.

The analysis of the results concerning the microphysics suggests larger
radii for the uppermost cloud layers in conjunction with a large reduction
of their number density with respect to the reference standard. Consider-
able variations of the particle concentrations in the Venus’ atmosphere are
retrieved for altitudes between 60 and 70 km. The retrieved models also sug-
gest that lowest cloud layers have smaller particles radii and larger number
density than expected from the reference model. Latitudinal variations of
microphysical and chemical parameters are also analysed.

Keywords: Venus, VIRTIS, Clouds, Radiative transfer, Chemical

composition




1. Introduction

The current knowledge of the nature and properties of the Venus’ aerosols
derives from a variety of sources, including ground based observations, satel-
lite remote sensing and in situ measurements by entry probes and balloons.
In particular, data from the Pioneer probe nephelometer were fundamental
to depict the overall scenario that is still considered valid today (Knollenberg
and Hunten| [1980)). From space to surface, we first meet a population of sub-
micron haze, detected yet at about 100 km. A second micron-size component
shows up below 70 km. This is the main constituent, in terms of mass, of the
upper clouds of Venus and has a large impact on what is typically observed
from space at visible and infrared (IR) wavelengths. A local minimum in
cloud opacity at about 57 km marks the transition to what is considered the
middle/lower cloud deck, where larger particles are found. The altitude of
48 km shows a sharp decrease in aerosol opacity, and below only optically
thinner diffuse haze and spotted clouds of uncertain nature can be found
(e.g. |Grieger et al., 2003). In situ analysis (Hoffman et al., [1980)), as well
as remote IR (Zasova et al., 2007) and polarimetric measurements (Hansen
and Hovenier, 1974)) have allowed to identify a liquid mixture of sulphuric
acid and water as the main constituent of haze and upper clouds. Consis-
tently, the clearing observed at the altitude of 48 km is met where Venus’
environmental temperature allows the sulphuric acid to evaporate |Krasnopol-
sky and Pollack (1994). Other components fill the atmosphere as well: UV
observations show high contrasting details, demonstrating the existence of
a still unidentified UV absorber, strongly variable in space and time (e.g.

Markiewicz et al., 2007)); the VEGA balloon instruments clearly suggest the



presence of Chlorine, Phosphorus and Iron in unknown components of the
deeper clouds (Andreichikov et al., [1987).

The long observation campaign of Venus Express from 2006 to 2014 repre-
sents a milestone in the exploration of the Venus’ atmosphere. The large suite
of instruments operating from thermal IR (5 pm) to UV enables a series of
studies, mostly focused on upper clouds and hazes. Several efforts have been
performed and some are resumed in what follows. The studies of latitudinal
trends in upper clouds heights and scale heights by [Ignatiev et al. (2009),
Lee et al.| (2012)) and Haus et al| (2014) from VIRTIS nadir data demon-
strated that both parameters decrease poleward from about 50° in latitude.
The sun occultation measurements by SPICAV/SOIR (Wilquet et al., 2012)
demonstrated that haze presents occasionally detached layers (also found by
SPICAV/IR, Luginin et al. [2014)) and that also haze is characterized by a
bi-modal size distribution, making therefore weaker the distinction between
haze and upper clouds. A recent study of phase functions derived from VMC
nadir observations by [Shalygina et al| (2015) shows that sub-micron parti-
cles are preferentially found on the morning hemisphere and highlighted an
increase of refractive index in the region between 40°S and 60°S, as well as
a slight increase of the size for the so-called “mode 2”population toward the
poles (a conclusion also found by [Wilson et al., 2008)).

The main objective of the present study is to provide a statistical retrieval
of the Venus’ clouds chemical and microphysical properties by exploiting
VIRTIS data in the nadir viewing geometry. Some previous studies on clouds
analysis based on VIRTIS data focused on the Venus’ southern hemisphere

(e.g. Barstow et al., 2012} Haus et al| 2014); however, the pixel foot-



print of the instrument is smaller over the northern hemisphere,
so that it is expected that the atmospheric variability within a
single pixel is also smaller and a more detailed analysis can be per-
formed. Nighttime data are necessary to avoid the solar scattering, that
would completely mask the deep clouds spectral features. VIRTIS data are
then compared with a large synthetic dataset of spectral radiances computed
with DISORT on the modelled atmosphere and clouds. The new approach
on the clouds modelling is to consider them as vertically non-uniform in sul-
phuric acid concentration instead of a homogeneous layer as usually done

(e.g. Zasova et all 2007; Bézard et al. |2011)).

A short overview of the instrument is given in Section 2 In Section
we explore the data archive and data selection. Section [4] defines the initial
model for the Venus’ atmosphere. Some sensitivity analysis is performed in
Section 5} In Section [6] and [7] we define the parameters for the creation of
a synthetic dataset and the fitting of observed data with the synthetic ones.
The dataset analysis is performed in Section 8| Finally, the conclusions are

presented in Section [9]

2. VIRTIS on Venus Express

The Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) is a
diffraction spectrometer on-board Venus Express (VEx), a mission of the Eu-
ropean Space Agency (ESA) operating around the Venus planet from 2006
until the end of 2014. The orbit was highly elliptical, near-polar, 24 hours,
with the pericentre located between 80°N and 90°N at about 250 km altitude

and the apocentre located approximately 66 000 km above the surface. The



Venus Express mission is based on the opportunity to re-fly a spare model
of the Mars Express spacecraft and some related payload. In addition, a
spare model of the precursor VIRTIS instrument devoted to study the comet
67P /Churyumov-Gerasimenko, has been adapted ad hoc for the Venus envi-
ronment and then included in the core payloads of VEx. VIRTIS operated
in the spectral range from UV to thermal IR in two separated optics, named
VIRTIS-M and VIRTIS-H (Piccioni et al., 2007; Erard, 2012). VIRTIS-M
had high resolution imaging capability at moderate spectral resolution in the
range between 0.25 pm and 5.2 pm. It was in turn divided into two channels,
M-VIS from 0.25 pm to 1 pm and M-IR from 1 pm to 5.2 pm. VIRTIS-H had
high spectral resolution in the range between 2 pm and 5 pm but without
imaging capability. This work focuses on data collected by VIRTIS-M IR.
One of the main parameters affecting observations is the exposure time, that
can change from 0.02 s to 18 s. The majority of nocturnal observations has an
exposure time of 3.3 s for long-lasting observations or 0.36 s for the briefest
ones. The advantage in long-lasting records is the high SNR, the disadvan-
tage is the loss of information for wavelengths longer than about 4 pm since

the detector is saturated by the thermal background (Piccioni et al., 2007)).

3. Data archive selection

The archive of VIRTIS-M IR data consists of a set of measurements col-
lected in 517 orbits performed from 11/04/2006 to 27/10/2008 (after this
date the M-channel of the instrument turned off). Each orbit is divided into
sub-sections, called cubes, characterised by uniform conditions of observa-

tion, such as the same exposure time and pointing mode. The total number



of available cubes is 4537 all over the planet, each of them storing from less
than 10 to more than 100000 individual spectra. Only part of the whole
dataset is selected in accordance with the following specific observing con-
ditions. a) Observations above the northern hemisphere, where the orbit is
closer to the surface, have a relatively small pixel footprint at nadir. The spa-
tial resolution is about 190 m at 45°N, given that the observation altitude is
at around 760 km. Therefore, the observed pixel area is expected to be more
homogeneous than in the southern hemisphere. b) Nocturnal observations
give more information about the entire vertical extent of the clouds, because
the atmospheric radiance is not masked by the solar reflected component.
c) Nadir-looking of the instrument is accounted for, limiting the
pointing angle to values between 0 degree and 1 degree off-nadir.
In others words, we assume that the upper limit for nadir viewing is 1 degree.
These conditions reduce the dataset to only 90 cubes regarding 90 different
days spanning over the whole lifetime mission. The useful observations are
strongly reduced with respect to the initial database since the majority of
nadir observations were taken in the southern hemisphere. To carry out a
statistical analysis of the nadir dataset an additional selection is performed,
excluding the data outside the latitude band between 25°N and 55°N. This
choice allows to maintain a small pixel footprint and to avoid possible interac-
tions with peculiar atmospheric phenomena such as the cold collar (60-80°N)
and the hot dipole (75-85°N) (Zasova et al., |2007; Piccioni et al., [2007). The
final selection accounts for a total number of 65 cubes.

As a consequence of the near polar orbit, all the cubes have a similar

structure for nadir observations: a very narrow scan in longitude (the max-



imum width is about 0.8 degrees) but extended in latitude from the north
pole to the equator (Figure , left panel). Therefore, atmospheric changes
are mainly visible as meridional variations, looking as horizontally homo-
geneous radiance stripes in the images. Observations are then grouped in
0.2° x 0.2° grid of latitude x longitude (about 21 km x 16 km footprint at
40°N). For each bin, it is assumed that the measured radiance is represen-
tative of an homogeneous scene. The choice of the bin size has been made
after testing the latitudinal /longitudinal variation of radiance from one pixel
to another. Figure 2/ shows an example of radiance variation versus latitude.
The latitudinal difference between the two groups of data is about 0.7°. A
sensible radiance difference is noticed between the two groups, whereas only
small changes are observed along the longitude (as also noticed from the left
panel of Figure |I). Radiance measured at specific wavelengths shows, in
some cases, evident outliers mainly due to cosmic rays, ionising radiation or
electrical surges. They look like isolated peaks in the spectrum with very
high absolute values, both positive and negative. To remove these outliers,
the Chauvenet’s criterion is applied to each bin at every wavelength. After
the outliers removal, data within each bin are finally averaged and standard
deviations are calculated to obtain a single representative value for each bin.

The final useful dataset is thus reduced to 11383 bins from a total of
115795 observations distributed in three latitude bands: 25-35°N, 35-45°N,
45-55°N. These spectra (band representative) are then analysed to retrieve

clouds properties.
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Figure 1: Example of data selection for the cube VI0097_19 (27/07/2006). Each
dot corresponds to a single observation. Plotted radiances are measured at 2.3 pm,
the colorbar on the right provides the radiance intensity. Left: all the nocturnal
nadir observations of the cube are shown. Top right: observations in the latitude

band 25-55°N. Bottom right: one of the selected bins of 0.2°x0.2°.
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Figure 2: 20 observations from the cube VI0901_03 (08/10/2008). Half of total
observations are collected at latitudes close to 40.5°N (in red) and half close to 41°N
(in blue) as shown in the top-right inset panel. The differences at the 1.74 pm and
2.3 nym windows are zoomed out. Measured radiances are almost identical near

1 pm and at 4 pm as highlighted in the inset panels.
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4. Venus ‘Reference’ model

In this Section we provide the radiative transfer modelling details and
define the so-called reference condition for the Venus’ atmosphere. The stan-
dard Venus is the one that represents the state-of-the-art in the present
knowledge and modelling. We focus on clouds and atmospheric parameters.
One of the goal of our analysis is, in fact, to highlight possible differences
in the retrieval parameters from what is usually assumed in literature and

possibly define a more accurate description of the Venus’ clouds.

4.1. Modelling of the gas component

Temperature and pressure profiles of the Venus’ atmosphere were initially
defined as standard profiles in the eighties, then revised over the years. These
standard profiles are known as the Venus International Reference Atmosphere
(VIRA) and describe the atmosphere of Venus from the ground up to 100 km
altitude with a vertical resolution of 1-2 km (Kliore et al., [1985; [Seiff et al.,
1985; |Moroz and Zasovay, (1997 |Zasovaj, [2012). Due to the large thermal in-
ertia and almost adiabatic conditions of the lower atmosphere, the VIRA
profiles below 30 km are assumed to be the same independently of planet’s
latitude and longitude. Above 30 km the profiles show meridional variability
and are defined for five latitudes: 30, 45, 60, 75 and 85 degrees (mentioned
as VIRA 30, VIRA 45, etc. in the text), with small differences in pressure.
VIRA 30 and VIRA 45 are taken into account in this study. A comparison
of these two temperature profiles shows lower temperatures in the altitude
range 55-70 km and higher ones from 70 to 90 km for the VIRA 45. The
top of the atmosphere (TOA) is set at 100 km altitude in the models, since

11



the observed radiance comes almost entirely from layers below that altitude

with the exception of few narrow spectral bands that are particularly opaque.

The gases concentration profiles are dominated by the presence of carbon
dioxide molecules. A constant value for CO, of about 96.5% by volume is
assumed. For the principal minor constituents which are optically active in
the VIRTIS 1-5 pm band we refer to Haus and Arnold (2010), who suggest
the vertical profiles of Volume Mixing Ratios (VMR) shown in Figure |3 for
H;0O, CO, SO,, OCS, HCI and HF, from the ground up to 100 km. About
3.5% by volume of the Venus’ atmosphere is composed of Ny, that has no
absorption in the analysed spectral band and so it is only considered for
molecular scattering. In addition to these gases, the Venus’ atmosphere has
many other compounds (Esposito et al.. [1997; |de Bergh et al., |2006; Mills
et al., 2007; Krasnopolsky, 2012)) but their VMR are rather small and their
interaction with radiation, between 1 and 5 pnm, is sufficiently weak to make
them negligible for the present radiative transfer computations. Spectro-
scopic properties of gases are retrieved from multiple databases. The most
popular one is HITRAN (Rothman et al., 2013)) that is undoubtedly the main
available database to describe the Earth’s atmosphere for nadir viewing sim-
ulations. Nevertheless, the HITRAN database shows some limits when ap-
plied to the Venus’ atmosphere. Some energetic transitions are neglected in
the Earth’s typical conditions since they are too weak and totally unimpor-
tant when simulating upwelling radiances. In many cases, these transitions
assume importance in the radiative transfer computations when the high

temperatures and pressures of the Venus case are accounted for. Therefore,

12
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Figure 3: Volume mixing ratio profiles of the main minor constituents of the

Venus’ atmosphere (from Haus and Arnold, 2010).

specific databases have been created to include the weakest transition of the
main Venusian gases. The two databases used for this purpose are HITEMP
(Rothman et al) 2010) and HOTBASE (Pollack et al.. 1993). HITEMP
has been specifically developed to overpass the limitations of HITRAN as it
provides energetic transition parameters at temperatures higher than 400 K
for five gas species: HyO, COy, CO, NO and OH. HOTBASE is a specific
database for CO,, developed for the Venus’ atmosphere. This database, us-
able at high temperatures, takes into account some minor absorption lines
of CO, that are missing in HITEMP (Bézard et al., [2011). Exploiting the
three database strengths, our choice is to use HOTBASE for CO,, HITEMP
for H,O and CO, HITRAN for SO,, OCS, HCI and HF.

13



ARS (Ignatiev et al., |2005) is a suite of codes implementing line-by-line
calculations of gaseous and aerosol optical depth and atmospheric radiance
spectra. In this work, ARS is used to compute the absorption coefficients of
the gases which have an active role in the Venus’ atmosphere in the 1-5 pm
band. To considerably reduce the computation time, referring to [Haus and
Arnold (2010)), the spectral lines weaker than 102 cm™ /(molecules cm™) are
removed for each gas except COq, which is extended to 1073® cm™ /(molecules cm2).
The discarded lines are sufficiently weak to be negligible in the final result.

L step between

A regular grid for the computation is chosen with a 0.02 cm”
2000 cm™ and 10000 cm™, so that the whole VIRTIS-M IR range is rep-
resented at high resolution. The Voigt profile defined by Kuntz| (1997)) is
selected as line shape. The absorption line cut-off is taken from Haus et al.
(2013) and set equal to 125 cm™ for each gas except CO,. For COg, a differ-
ential cut-off depending on wavenumber is used: 125 ecm™ from 2000 cm™ to
7500 cm™ and 250 cm™ from 7500 ecm™ to 10000 cm™. A form factor y is used
to account for the fact that the Voigt line profile overestimates the absorption
of the far wings (Tran et al., 2011), especially at high pressure, essentially
due to collision-induced intensity transfer between transitions (line-mixing ef-
fects) and to the finite duration of intermolecular collisions. Referring again
to Haus et al.| (2013)), x is set to 1 for each gas except COs. For COs the
form factor suggested by Tonkov et al.| (1996) is used from 2000 cm™ to
7500 cm™! and that by Bézard et al| (2009) from 7500 cm™ to 10000 cm™.
The two parametrizations are given in Table [I} Table [2] summarises all the
parameters used for the absorption coefficients computation.

The CO2 continuum absorption is also accounted for (Haus and Arnold,

14



Table 1: Parametrizations of the x factor depending on distance from the line

centre vy. In the Table, |[Av| = |v — 1y

Tonkov et al.| (1996) Bézard et al.|(2009)
|Av| (cm™) X |Av| (cm™) X
|Av| < 3 1 |Av| < 3 1

3<|Av| <150  1.08470027AD |3 < |Ap] < 60  1.051(14+1/60)

150 < |Av| < 300 0.208-0-0161A%D) | Ay > 60  0.66711AvI/110)

|Av| > 300 0.025(-0-009|Av])

Table 2: Overview of the parametrizations used to compute gases absorption

properties.
Gas Spectral band ~ Database Intensity threshold — Cut-off X
cmt cm! /(molecule cm™2)  cm!
CO, 2000-7500  HOTBASE 10735 125 |Tonkov et al.|(1996)
7500-10000 HOTBASE 10°% 250  |Bézard et al.|(2009)
H,0, CO 2000-10000 HITEMP 1028 125 1
SO,, OCS, HCL, HF  2000-10000 HITRAN 1028 125 1

15



Table 3: CO, continuum parameters for spectral bands.

Band centre (cm™) 0804 9091 8475 7813 7634 5747 4348 2326
Band centre (pnm) 1.02 110 1.18 1.28 1.31 1.74 230 4.30
Continuum (cm™ amagat? x 107%) [ 0.025 0.45 0.15 0.76 -0.59 4.1 43 0

1 amagat = 2.686777 x 10'° molecules cm™ at T=0°C and p=1 atm

2010; (Tran et al., 2011} Haus et al., 2013). It is worth to remember that the
definition of the continuum is empirical and it is used as a correction term
in the simulations. Thus, the continuum is always related to the definition
of the spectroscopic quantities (e.g. the line intensities) and the parameters
simulations (e.g. the line cut-off). For consistency, the continuum defined
by [Haus et al.| (2013) is considered. Its dependency on the spectral interval
is reported in Table [3] Other species than CO, should account for similar
continuum parametrizations but, due to their low abundance on the Venus’
atmosphere, their continuum absorption is neglected.

The overall contribution of single gas is evaluated through its total optical
depth X, integrated from TOA to the ground. In Figure {4 it is shown
that CO, dominates the absorption in almost the whole spectrum, with the
exception of some limited bands. The altitude where the total weighting
function reaches the maximum value is computed for the gas component
(not shown here). It is noticed that at VIRTIS shortest wavelengths the
gases of the Venus’ atmosphere present some strong atmospheric windows at
1.0 pm, 1.1 pm and 1.18 pm while very absorptive gas bands are located at
2.7 pm (14 + v3 band of CO,) and 4.3 pm (v5 band of COy).

The coefficients for molecular Rayleigh scattering are computed as sug-

16
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gested by |Maiorov et al.| (2005) only for the two most abundant species: CO»
and Ny. The contribution of minor constituents is negligible, as well as the
dependence of the refractive index on temperature and pressure. Dependence
of the scattering coefficient on 1/A* makes the Rayleigh scattering very im-
portant at around 1 pm, secondary at 1.5 pm and completely negligible for

wavelengths larger than 2 pm.

4.2. Clouds and hazes

Aerosols optical properties are computed based on Mie scattering theory
using the Scattnlay code by |[Pena and Pal (2009). The chemical composition
of the Venus’ aerosols is supposed to be an aqueous solution of sulphuric acid
with varying concentration, by weight, between 75% and 98% (Mills et al.,
2007)). It is believed that H,SO,4 formation mainly occurs by photochemical

processes at about 62 km altitude from H,O and SO, of volcanic origin.
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The main cloud deck on Venus extends all over the planet between about 48
and 70 km of altitude (Knollenberg and Hunten, [1980). The cloud top level
is usually defined as the height where the aerosols optical depth, integrated
from TOA at 1 pm, becomes unity (Esposito et al., [1983; Zasova et al., [2007).
The vertical structure of the clouds is characterized by growth of aerosols size
with decreasing altitude, so that the clouds can be divided into upper clouds
(roughly, 60-70 km altitude), middle clouds (50-60 km) and lower clouds
(48-50 km). The upper cloud layer shows a bimodal particle size distribution
that contains relatively small particles and the number density increases with
decreasing altitude. In the middle cloud layer the particle number density
sharply decreases but the extinction coefficient and the mass load increase
due to the presence of a third large kind of particles that turns the size
distribution into a trimodal. In the lowest cloud layer the particle number
density rises again to values similar to the uppermost layer, whereas mass
load and extinction coefficient grow even more due to the great increase of
large mode particles. Above the three cloud layers, sub-micrometer aerosols
were observed, usually called hazes. Hazes in the upper atmosphere of Venus
form in part by condensation of HySO, on meteoritic dusts (Kalashnikova
et al., 2000; |Gao et all 2014) and in part they are the result of transport
of small aerosols from the upper clouds layer. It is common use to define 3
(or 4) particles size distribution (PSD) types depending mainly on the size
as deduced from Pioneer missions data (Kawabata et al., [1980; Knollenberg
and Hunten, [1980)). The PSDs are called modes (Figure [5).

— Mode 1 is formed of small size particles, with typical modal radius equal

to 0.3 pm. It is assumed that mode 1 is distributed throughout the whole

18



Table 4: Parameters used for the Reference log-normal distribution of cloud

particles.

Mode 1 2 2’ 3
Iy (pm) | 0.3 1.0 14 3.65

o 1.56 1.29 1.23 1.28

cloud layer and partially characterizes the upper hazes.

— Mode 2 has modal radius equal to 1.0 pm and is mainly observed in
the uppermost and middle layer of the cloud deck. It’s the most studied and
well-known.

— Mode 2’ is also accounted for as a variation of mode 2 extending in the
middle and low clouds. It is defined to describe the growth of mode 2 size
with decreasing altitude and has modal radius equal to 1.4 pm.

— Mode 3 represents the largest particles, with modal radius assumed to
be 3.65 pm. It is present in the middle and lowermost layers of the clouds.
Characterization of mode 3 is still unresolved (Mills et al., 2007; Zasova et al.,
2007)). Some observations of the Pioneer missions seem to be compatible with
solid, non spherical, asymmetric, possible crystalline particles with irregular
shape and chemical composition that may actually be different from the other
modes (Knollenberg and Hunten |1980) but no proposed solutions come to a
definitive agreement up to now. In this work, mode 3 particles are considered
as spherical particles made of HySO, in aqueous solution as well as the other
modes, as usually considered in literature (Pollack et al. [1993; |Tsang et al.
2008; Haus and Arnold, 2010; [Haus et al., 2013)).

One of the most commonly used parametrization in literature to describe
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Table 5: Parameters for the analytical description of the standard cloud model.

Mode 1 2 2 3
2z, — Base altitude (km) 49 65 49 49
2. — Layer thickness of constant particle number (km) | 16 1 11 8
H,, — Upper scale height (km) 5 35 1 1
H,, — Lower scale height (km) 1 3 01 05
Ny — Particle number density at z, (cm™) 181 100 50 14

the Venus’ aerosols is the one proposed by Pollack et al.| (1993). It assumes
that the modes are defined by log-normal particle size distributions, whose
typical parameters are given in Table As reference for this study, we
assume a standard Venus model based on the parametrization suggested by
Haus et al.| (2013). Other possible clouds models are reported in Barstow
et al. (2012). The particle number density as a function of altitude is defined

as:

NO(Zb)ef(zf(zbJrzc))/Hup 7> (Zb + Zc)
N(z) =4 No(z) (4 2) <2< 2 [em ™)

NO(Zb)e_(Zb_Z)/Hlo z < 2

where the parameters are defined in Table[5] Usually, particle density distri-
butions reported in literature don’t consider aerosols above 86 km altitude.
The analysis by Wilquet et al| (2009) of solar occultation observations by
SPICAV, on board Venus Express, shows hazes well above this limit, up to
100 km. Therefore, the profile suggested by Haus et al.| (2013)) is completed
with the results of [Wilquet et al.| (2009) (Figure[f). Some sensitivity studies
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regarding the simulated upward spectral radiance with or without the pres-
ence of upper haze in the model have been performed. Results provide a
radiance variation in the model ranging from 0.2% to 1.5%. This amount
is at least one order of magnitude lower than that due to typical variations
in the main cloud parameters. We thus assume that the contribution of the
upper atmospheric hazes is secondary for the radiative transfer calculations.
The nadir radiance field measured at TOA is mostly driven by processes
occurring in layers below 80-85 km.

Common assumption for particles composition is a 75% or 84% solution
by weight of HsSO, for all the modes, along the whole vertical extent of
the cloud layer. The 75% solution is the widest accepted value in literature
(Pollack et al., [1993; Zasova et al., 2007, |Grassi et al. 2008; Tsang et al.,
2008; Bézard et al., [2011; Haus et al., [2014) and it will be the reference

assumption in our Venus standard model. Nevertheless, some authors pose

doubts on this assumption. In fact/Krasnopolsky| (2012} |2015) states that

the widespread value of 75% at the clouds top is incompatible with spectro-
scopic data and requires the HoO mixing ratio of 25 ppm at 68 km that is not
supported by the observations. Furthermore, other authors suggest that an

increment in sulphuric acid concentration could be possible when descend-

ing through the clouds as deduced by probes data (Knollenberg and Hunten),
11980} [James et al.L [1997; Mills et al[2007) and microphysical modelling

mura and Hashimotol 2001)). To account for all these possible configurations

of the HySO, solution we assume either that all the cloud layers have the
same sulphuric acid concentration (75%, 84% and 96% in solution) or that

a variable concentration along the vertical is present. In this latter case the
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cloud deck is split in two parts depending on the particles size: modes 1 and
2 are dealt together as well as modes 2’ and 3 . In particular it is assumed
that modes 1 and 2 are representative of the upper clouds and modes 2’ and
3 of the lower clouds. Sulphuric acid mixtures of 75%/84%, 75%/96% and
84%/96% are tested, with the first term (referred to the upper part of the
clouds) always lower than the second one (referred to the lower cloud). The

refractive indexes used are those described in |Palmer and Williams| (1975))

4.8. The reference radiance spectrum

The software package libRadtran (Mayer and Kylling, 2005)) is used to
create a database of synthetic spectra to be compared with VIRTIS obser-
vations. A discrete ordinate method code (DISORT') developed by Stamnes
et al.| (1988, 2000)) performs calculations in a plane-parallel atmosphere. The
latest implemented version CDISORT by Buras et al. (2011)) is used in this
work. The output of the solver, convolved with the VIRTIS Instrumental
Line Shape (ILS), is a synthetic spectrum observed at nadir (100 km al-
titude, TOA), to be compared with an observed VIRTIS spectrum. The
spectrum shown in Figure [6]is obtained with the most common parametriza-
tions for the Venus’ clouds: atmospheric profile VIRA 45, particles of sul-
phuric acid in 75% solution, modal radii of the cloud modes 1, 2, 2’ and 3:
r1=0.3 pm, ro=1.0 pm, ry»=1.4 um, r3=3.65 pm. The mode scale factors are
assumed f;=fo=f5 3=1 (see section . Since all the basic cloud parameters
are assumed to correspond to the standard values found in literature, such
a spectrum will be referred in the following text as the reference model and

indicated with R,ef.
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Figure 6: Reference model spectrum Rier: 75% HoSOy4, VIRA 45, r1=0.3 pm,
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5. Sensitivity analysis

Some radiance sensitivity studies are performed for different simulation
parameters. The present analysis was useful to identify which parameters
should be varied for the definition of the synthetic radiance dataset and their
range of variation. The spectral bands used for the retrieval are also here

identified.

5.1. Gases and aerosols

First, the bulk effect of gases and aerosols (clouds and hazes) is evaluated
separately. Radiative transfer in the atmosphere is simulated assuming only
one of the two components exists (Figure . Simulated brightness temper-
atures show the main role of the gaseous component corresponding to CO,
absorption maxima at 2.0, 2.7 and 4.3 pum. Aerosols effects (the reference
model is assumed) dominate between 3 and 5 pm, with the exception of the
v3 band of CO,, where radiation mainly comes from layers above the cloud
top, from about 67 to 90 km. At other wavelengths, contributions of the two
components have similar impact. In particular, in the atmospheric windows
at 1.74 and 2.3 pm, as well as at shorter wavelengths, the reference spectrum
shows that a significant amount of radiance comes from the lowest part of

the atmosphere.

5.2. Surface albedo

At the VIRTIS shortest wavelengths, the radiance observed at TOA de-
pends on the atmospheric characteristics but it is also affected by the direct

contribution of the Planet’s surface. Previous studies report of a spectrally
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constant Lambertian surface with the albedo assumed to be in the range 0.15-
0.4 (Devaux and Herman, 1975 Hashimoto and Sugital 2003}, |Arnold et al.|
2008; Haus and Arnold|, 2010). Simulations performed using the literature
values show that some radiance sensitivity to surface albedo variation is ob-
served only between 1.0 and 1.2 pm, with spectral radiance changes ranging
from 2% to 8% in terms of radiance units. Since the albedo has a limited
effect on radiance when compared to changes related with aerosols proper-
ties and cloud geometry (section the synthetic database is computed

assuming a constant albedo a = 0.2.

5.3. Sulphuric acid concentration

The H>,SO4—H50 solution concentration affects the optical properties of
the aerosol’s layers at different extent depending on the wavelength consid-
ered. Solutions with concentration of 25%, 38%, 50% are tested but they
don’t produce any spectral features in the 2.3 ym window, as is the case ob-
served in the VIRTIS data. The featureless spectra for these assumptions is
due to the large percentage of water in the solution that absorbs the upwelling
radiance. Since these low concentration values do not allow any fit with the
observed data they are not considered in our simulated dataset. Solutions
with uniform concentration along the vertical clouds extent of 84% and 96%
are compared to the reference case, that assumes a 75% concentration, as
well to the non-uniform cases 75%/84%, 75%/96% and 84%/96%, with the
two terms referring to the upper and the lower clouds respectively. Results
(Figure |§)) show limited differences at the VIRTIS shortest wavelengths and
at 4 pm, whereas at 2.3 pm and for wavelengths larger than 4.5 pm differences

are the largest. The radiance differences in these last two spectral interval
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Figure 8: Radiance differences (Rgim — Ryer) for HaSO4 concentration solution

variations. Ryer: 75% H2S04.

are of the order of 12-75% of the signal. Each one of the selected concentra-
tions shows peculiar features along the VIRTIS simulated spectrum and thus
allowing a retrieval of the HySO,—H>O solution concentration. The uniform

96% case is the one with largest differences with respect to the reference case.

5.4. Particle number density and size distribution

Variations of the particle number density affects the simulated VIRTIS
spectra at every wavelength with different intensity depending on the mode
considered (Figure @ Sensitivity studies with respect to the reference model
are performed introducing a multiplicative factor f;, where i refers to different
aerosol modes. This parameter scales the particle number density equally at
each altitude. Changes in the particle number density of the order of 0.1,

0.2, 0.5, 2, 5 and 10 are applied. Variations on the number concentration of
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mode 1 show the least radiance sensitivity with respect to all other modes.
Nevertheless, the upwelling radiance percentage variation is of the order of
some percent when compared to the reference model. The most affected
spectral intervals are shown in the upper panel of Figure 9] The largest
effect is for radiance at around 1.7, 2.3 and beyond 4.5 pm. Note that
most of the radiance at the longest VIRTIS wavelengths comes from the
upper atmospheric layers (higher than 50 km) where only modes 1 and 2
have a not negligible particles concentration. Large sensitivity of upwelling
radiances due to variation of f; is observed also for wavelengths larger than
3 nm. This characteristic does not occur for the cases accounting for modes
2’ and 3 that, in turn, largely influence the radiance spectral features at
wavelengths shorter than 2.3 pm, where upwelling photons mainly originates
from the lower part of the atmosphere. The effect is particularly evident
when reducing their number density, whereas a large mode scale factor (5
or 10) acts in a similar way for modes 2, 2’ and 3. Since modes 2’ and 3
show a very similar spectral behaviour for a number concentration variation
and since they both describe the lower part of the cloud, their factor will be
scaled together (fy=f3;=fy 3) in the definition of the synthetic dataset.

Also variations in the modal radius r; of the four modes are considered.
Studies found in recent literature describe the aerosol microphysical proper-
ties using the modal radii defined by |Pollack et al.| (1993)). Figure (10| shows
the result of sensitivity tests concerning the modal radius of mode 2, show-
ing a large sensitivity of the upwelling radiance to this parameter in all the
observed windows. For the present study, realistic variations of the modal

radius for the log-normal particle size distribution of each mode are assumed
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(Table @ The parameter sigma of the distributions are kept fixed. Note
that increasing the modal radius of mode 2, for example, acts in a similar
way to the increase of the mode 2’ scale factor, since the two modes become
more similar. For these two modes, the two modal radii are varied but never
allowed to assume the same value. Moreover, they are partially defined at

different altitudes.

5.5. Temperature and pressure profiles

Since analysed VIRTIS spectra are observed in the latitude band be-
tween 25°N and 55°N, only two VIRA profiles are considered: VIRA 30 and
VIRA 45. The maximum difference between the two profiles is about 3.7%
in temperature at 59 km and 7.2% in pressure at 72 km. The influence on

the retrieved spectrum is evident only for wavelengths above 3 pm. At the
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VIRTIS shortest wavelengths most of the radiance comes from the lowest
atmospheric layers where VIRA profiles are identical. Variation of radiance
at 4 ym, due to change in VIRA profiles, is about 50% of that obtained with

a mode 2 scale factor equal to 0.5 and reaches about 60% above 4.5 pm.

5.6. Summary of sensitivity tests

The upper panel of Figure compares the effect on the simulated ra-
diance of some parameters variations. A direct comparison among different
parameters sensitivities is shown as an example of their quantitative effect on
the radiance spectrum. The same panel of the figure also reports, for each
window band, a list of the cloud, atmospheric or surface parameters most af-
fecting the simulated radiances. The lower panel of Figure [11] highlights the
nonlinear effect of the parameters on the spectral radiance. The plot shows
the spectral variation of two kinds of residuals: in the first case the curve
is obtained by summing the single solutions (three residuals in the example)
obtained by changing one parameter at a time with respect to the reference
model, whereas in the second case the residual is obtained by comparing the
reference model to a simulated spectrum computed by assuming that all the
three parameters are varied simultaneously from their reference values. The
differences in the two plots are sensible and at some wavelengths larger than
the average noise equivalent spectral radiance of the sensor in that spectral

interval (see Section [7).

6. Synthetic dataset

An extensive dataset of synthetic spectra is created by assuming multi-

ple atmospheric and clouds conditions. In addition to the aerosol particles
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in the top panel (albedo excluded) and for a single simulation in which all the three

parameters are changed simultaneously.
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number density and the clouds height, usually considered in literature as free
parameters, possible variations in the particles size distribution and in the
sulphuric acid concentration within the cloud deck are assumed, usually con-
sidered as constants. To create the dataset, we first assume, for each of the
considered parameters, the limits of variations (maximum and minimum val-
ues of the parameter). Then, we define the adequate step of variation within
the maximum and minimum value. The parameters accounted for in the com-
putations, their range limit and their step are shown in Table |§| (details about
the parameters at Section . Since the number of possible parameters com-
binations is of the order of several billions it is impossible to simulate them
all. The step sizes of the parameters variation have been defined
in accordance with the sensitivity analysis. An increse of the step
sizes, in order to reduce the number of simulations, would mean to
neglect important spectral features of the simulated radiance fields
and would thus limit our analysis (see Section [5]). Therefore, we
rely on a subset of combination of the parameters’ variation capa-
ble to adequately represent the variability of the entire system. To
accomplish this task we associate a sequential number to each parame-
ters combination and select the simulations to be performed by means of
pseudo-random values, obtained from the standard uniform distribution by
a commercial numerical code (rand function in MATLAB®). Moreover, ad-
ditional combinations are chosen in order to perform simulations of the basic
cases frequently reported in literature. A final database with 10227 different
spectra is created, representative of the whole variety of the analysed VIRTIS
spectra. Figure 12| shows that, within the three latitude bands considered,
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Figure 12: Mean spectrum obtained from all the VIRTIS nadir nocturnal obser-
vation (37635) between 35°N and 45°N (blue solid line) compared to the mean of
all the simulated spectra (10227) obtained with libRadtran (red solid line). Broken

lines are three standard deviations from the mean.

the mean spectrum of the sampled VIRTIS observations (plotted with three
standard deviations) is consistent with the mean spectrum obtained from
the simulated spectra (also plotted with three standard deviations). Some
exceptions are encountered for very low values of the radiance, mostly due
to the fact that LibRadtran always returns radiances with physical meaning
(greater than zero) whereas some VIRTIS data show negative values because

of fluctuations on the dark current, causing calibration errors (Erard, [2012).

7. Fitting methodology

The atmospheric and cloud parameters (model) are retrieved for each bin

of observations. The retrieval methodology is based on the direct compari-
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Table 6: Parameters of the model and their range of variation

Variable Range or Values

p - T vertical profile VIRA 30 - VIRA 45
75% - 84% - 96%
75%/84% - 75%,/96% - 84%/96% (V)

H,SO, concentration

Mode scale factor

f; 0.1 to 2.0 (step 0.1)
f5 0.2 to 2.0 (step 0.1)
fy 3 0.7 to 2.0 (step 0.1)
Modal radius
1 0.1-02-03-04-0.5
Iy 04-06-08-1.0-12-14®
Ty 1.4-16-18-2.0
Ty 2.80 - 3.65 - 4.40

(1) The two values refer to modes 1-2 (uppermost cloud layers) and 2’-3

(lowermost cloud layers) respectively.

) The value 1.4 is only used when fy:#1.4 to preserve a distinction between

the two modes.
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son of the observed radiance with every simulation composing the synthetic
model datasets. The selection of the most appropriate model (i.e. the most
accurate simulation) is obtained through the definition of the parameter ~.
The parameter is used to evaluate how accurately each synthetic spectrum

is reproducing any observed scene. The ~ is defined as:

1 N

0t0t<)\i>
= AT RSim,j Ai) — Rpin (N W i , Wi(X) = =
g/ \ N izl[( (A) (X)) W(A)] (A) SV o )

where 7 is the wavelength dependency, N is the total number of wavelengths

accounted for in the minimization process, Ry, is the observed radiance,
Rgim,j is the j-th simulated spectrum, W is the weight associated to each
wavelength. The weight W is defined as the standard deviation o, of all
the VIRTIS observations (note that it is not the one computed for the mean
radiance in the bin) within each latitudinal band (25-35°N, 35-45°N, 45-55°N)
in nocturnal nadir looking geometry at the i-th wavelength, divided by the
sum over wavelengths. The minimization criterion is based on the following
considerations. Channels with high CO, absorption are not considered in
the fitting procedure because the radiance does not show any sensitivity to
clouds parameters at these wavelengths. Wavelengths larger than 4.5 pm are
also excluded because the detector often saturates at the larger wavelengths
and most of the data are missing. This fitting procedure focuses on spectral
radiances collected in windows channels sensible to cloud parameters and
weights more the channels that show the largest radiance variations globally
(meant as latitudinal bands). The considered channels account for most of
the natural variability observed in the data. In fact, the excluded channels

sums to 5-6% of the overall spectra variability only. The window channels
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provide the following result:

Utot
~ 95%
Z Z Utot ’

The retrieval is then performed comparing the mean data of the bin with all
the simulations in the synthetic dataset. The best model is selected as the
one for which the minimum value of ~ is obtained among all the simulated
spectra. The best v is compared with the mean noise associated to VIRTIS
observations that is used as an a-priori threshold (Figure . A noise equiv-
alent spectral radiance (NESR) is evaluated for some typical cases depending
on detector temperature end exposure time. The mean NESR extracted from
the data cube for a 0.3 s exposure at different temperatures, which are typ-
ical conditions for nadir observations, is about 10 W/(m? pm sr). A best
fit is accepted and accounted for in the statistical analysis of the results if
v < NESR. Otherwise, the fit is not inserted in the final statistics and it is
assumed that the synthetic database is not representative of the observation.
This criterion is very conservative in terms of radiance residuals minimization
and is meant to obtain the most robust results possible. Such a procedure re-
duces the number of bins that can be accurately described with the current
synthetic database by only 5.8%. The spectra of these rejected bins were
collected during only 13 days over the 90 days of the sample. Moreover, it
is possible to group them in 4 main periods, two of them close to the be-
ginning of the mission and two close to its end (Figure . The same days
with rejected bins are observed, with few exceptions, in the three latitude
bands. A possible explanation is linked to dynamical events in the Venus’

atmosphere during those days, that might have modified the clouds structure
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under observation and moved them out of the conditions accounted for in our
database. This possibility requires to be further investigated with dynamical
data but it is out of the purpose of this work and anyway affects only a small
subset of our dataset. Nevertheless, an analysis of the results concerning the
data excluded from the final discussion show very similar retrieved param-
eters distributions to those obtained in case of the accepted bins, described
at Section [8

The plot in Figure [13] also shows the performance of the fit in case the
reference Venus’ atmosphere is used and compared to bin data. It is demon-
strated that the initial reference assumptions on clouds are not enough ac-
curate in describing the observations since all the v obtained from the R,.¢
are larger than the NESR, with the exception of a couple of cases in which
they are anyway of the same order. Ratios between the v parameters cal-
culated for the best fit of each bin and the reference model reveal a gain,
defined as 1 — Ypin/Vres, greater than 50% for the majority of the bins, with
a maximum of 97.8%, and never below 26% when the discarded bins are not
considered (they would have a minimum gain of 12.4% anyway), hence a

sensible improvement in the clouds representation is obtained.

8. Analysis

The analysis of the results concerning the best fits, when applied to the
entire VIRTIS dataset, is in contrast with the widespread assumed hypothe-
sis that an homogeneous value of 75% H,SO, solution is present in the whole
cloud layer. As already said, this assumption is extensively used in literature

(Pollack et al., 1993} Zasova et al., |2007; |Grassi et al., 2008} Tsang et al.,
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Figure 13: Root mean square v calculated with the reference model (black dots)
and the best fit model (blue dots) for the three latitude bands. Fits obtained with
v > 1073 are assumed not enough accurate and they are rejected (red dots). Each
dot represents a bin, numbered with increasing order from the first to the last day

of the VIRTIS observations.
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2008; Bézard et al| 2011; Haus et al., |2014). Nevertheless, the results show
that none of the bins is fitted by a synthetic spectrum with a 75% concen-
tration (Figure . This consideration holds not only in the 75% case, but
also for the homogeneous 84% case that has no correspondence with the ob-
servations except that for only two cases in the 35-45°N band (it is 0.06%
of the total cases in that latitudinal band). The constant sulphuric acid
concentration along the vertical extent does not allow an accurate fit of the
simulation to the VIRTIS spectra. In particular, such assumption does not
reproduce sufficiently well the observed radiance spectral peak at 1.74 pm
and others radiance spectral features. In these windows intervals the data
present large standard deviations and hence the weights of the fitting pro-
cedure are elevated. Assuming different H,SO,4 concentrations in the cloud
layers significantly improves the fit quality. In particular, the 1.74 pm win-
dow fit is improved and an excellent fit of the spectrum at every wavelength
is obtained in most of the cases. An example of best fit spectrum is shown in
Figure [15 The usual assumption of relatively low and vertically homoge-
neous concentration (75%) is then rejected by the present analysis. On the
contrary, the hypothesis of a stratified cloud with higher acid concentration
in the bottom layer, up to 96%, is strongly suggested. Note that among the
vertically non-homogeneous concentration, the 75%/84% is present in only
about 9% of the fits. This configuration has its maximum at 25-35°N and
its minimum at 45-55°N. Pure 96% models represent only a little percentage
of the retrieved sample but they are not negligible. Note that their num-
ber increases from lower to higher latitudes. The latter two cases suggest

a poleward increase of the sulphuric acid concentration for the considered
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Figure 14: Percentage counts of the distribution of the retrieved sulphuric acid
concentrations. Results are plotted for three latitudinal bands. Double values in

the abscissa refer to the concentration of the upper and the lower cloud respectively.

latitudinal bands. The 75%/96% and 84%/96% are the most commonly re-
trieved models representing more than 85% of the cases for all the three
latitudinal bands. Using the stratified concentration assumption allows to
adequately fit also the short-wavelength side of the 4.3 pm band (Figure

which is known to present large residuals when the vertically uniform 75%

concentration is assumed in the model (Grassi et al., [2014]).

Figure left column, shows the percentage occurrence of the retrieved
aerosols modal radii for the four modes all over the considered dataset.
Modes 2 and 2’ have the best accordance with the reference model of [Pollackl
. The peak values of the histograms are around 0.8-1.0 pm and
1.4 pm respectively for modes 2 and 2’, to be compared with modal radii of

1.0 pm and 1.4 pm as assumed in the reference model. A weak latitudinal
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Figure 15: Best fitted simulation (red) against a VIRTIS bin obtained from 19
averaged spectra of the cube VI0078_18 (08/07/2006). Broken lines are plotted
at three standard deviations from the mean. Bin edges: lon. 232.164-232.276°E,
lat. 38.2039-38.3903°N. Best fit model: 75%/96% H2SOy4, r1=0.5 pm, ro=0.8 pm,
ro=1.8 ym, r3=3.65 pm, f;=0.2, £,=1.8, fy» 3=0.8, VIRA 45.
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Figure 16: Best fit spectrum for 16 averaged spectra of the cube VI0090_06
(20/07/2006). Broken lines are plotted at three standard deviations from the
mean. Bin edges: lon. 249.780-249.966°E, lat. 35.8163-35.9906°N. Best fit model:
75%/96% HaSOy4, r1=0.5 pm, r9=0.6 pm, ro>=1.4 pm, r3=2.80 pm, f;=1.4, {=2.0,
fy 3=1.0, VIRA 30.
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trend is observed, suggesting an increase of the modal radius for mode 2 and
a decrease for modal radius of mode 2’ when moving from the southern to
the northern belt. Mode 3, whose characteristics are still highly debated, has
largest number of counts for the modal radius of 2.8 nm, hence for particles
55% smaller in volume than those assumed in the reference literature model
(3.65 pm). Nevertheless, the reference modal radius fits the observations
for a significant percentage of the retrieved cases that increases from south
to north (up to more than 40%). Differences larger than expected in the
retrieved modal radius are observed for mode 1. Most of the analysed VIR-
TIS radiances are well fitted when the assumed radius r; is equal to 0.5 pm
instead of the reference 0.3 pm. The reference value is encountered in less
than 20% of the total cases. To note that mode 1 particle number density is
largely reduced with respect to the standard. The most common retrieved
mode scale factor is about 0.2 (Figure , right column) suggesting a less
dense mode 1 particle concentration than supposed. Mode 2 scale factor is
found to be quite variable all over the considered range. The most common
values are 0.8 and 1, nevertheless their occurrence is never higher than 25%.
Note that for each latitudinal band the factor 0.4 and 2.0 are observed in
more than 10% of the cases each, thus suggesting considerable variations of
the particle concentrations in the Venus’ atmosphere between 60 and 70 km
of altitude. Modes 2’ and 3 are instead retrieved in larger number density
than expected, with an averaged increase of about 30%. This is in accor-
dance with what found by Haus et al.|(2013) (who defined the initial cloud
model adopted in section , who retrieved a mode 3 scale factor of 1.5-1.6.

The two considered atmospheric profiles;, VIRA 30 and VIRA 45 are also
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varied in our synthetic dataset. The retrieval results are shown in Figure [17]
bottom right panel. As expected, the majority of the best fits (more than
60%) are associated to VIRA 30 profile below 35°N and to VIRA 45 above
40°N.

Note that the uncertainties associated to each single estimated parameter
are difficult to define since, as shown in Section [5.6, the combined effect of
multiple parameters is nonlinear. We have evaluated the variation of the
v index for the firsts five best fit of each observation bin. It is found that
~ decreases averagely of about 6% from the fifth to the first best fit. The
improvement of the fitting with respect to the reference model is shown to
be about 1 order of magnitude in most of the cases. The five best models
fitting each bin, are also analysed to evaluate the robustness of the results
in terms of stability of the retrieved parameters. In other words, we expect
that the parameters that mostly affect the radiance spectrum are found to
have the same value, or similar ones, for the five best fits. In Section [5] it
is shown that over the whole spectrum, the modal radii show the largest
radiance sensitivity among all the considered cloud parameters. Therefore,
the standard deviation of modal radius is computed for the best five fits of
each bin and it is found that it is averagely lower than the step size considered

in the radius variation for each one of the four modes.

9. Summary and Conclusions

VIRTIS-M IR archive span a long time interval, about 5 years long. A
statistical analysis has been performed on 65 orbits, containing nocturnal

nadir observations in the latitude band between 25°N and 55°N. The obser-

47



vations have been averaged into bins of 0.2° x 0.2° of longitude x latitude and
a forward model has been defined to retrieve atmospheric and clouds prop-
erties for each bin. This has required the provision of an extensive dataset
of simulated synthetic spectra. The dataset creation has started from an
initial reference model based on previous results found in the literature: ver-
tical profiles of temperature and pressure are referred to the standard VIRA

(Seiff et al., 1985)), VMR profiles of gases are from Haus and Arnold| (2010)),

clouds and hazes particle number density distributions are derived from the

work of Haus et al.| (2013) and Wilquet et al.| (2009) respectively, clouds

chemical composition and particle size distributions are referred to [Pollack
. This reference model has been modified in its parameters to
obtain an extensive ensemble of models capable to describe the variability of
the Venus’ atmosphere. Synthetic radiances are computed using a multiple
scattering line-by-line procedure. A best fit process has been implemented
to establish the best model for each VIRTIS observation over the the full
spectrum from 1 to 4.5 pm, where radiance sensitivity to clouds’
microphysics and chemistry is very large. The mean difference between
each VIRTIS spectrum and the synthetic one obtained with the reference
model is always larger than the mean noise on VIRTIS data, suggesting that
the reference literature model is ever inadequate to describe the Venus’ atmo-
sphere at the latitudes considered in the present study. The differences in
the retrieved cloud parameters with respect to the Venus standard
model affect both the microphysical and the chemical properties
that for the first time have been inferred together from remote

sensing data.
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Particle size distributions representing the four modes of Venus clouds
are varied in their modal radii with respect to accepted mean values. Our
analysis suggests that the VIRTIS spectra are better fitted with an effective
size of mode 1 particles around 0.5 pm. This view is consistent with previous
findings of Wilquet et al. (2009): a second haze population, with substantial
bigger particles (>0.5 pm) than the standard 0.3 pm mode needs to be added
to fit the limb observations of SIPCAV /SOIR instrument. Similarly, in their
analysis of Akatuski data, Satoh et al.| (2015) found appropriate to introduce
a small amount of mode 2’ particles above the 75 km level (see their Table
4). The analysis of Shalygina et al.| (2015)) of VMC-derived phase functions
suggests the existence of a substantial amount of particles with modal radius
around 0.9 pm in the clouds and/or in the upper haze, especially evident
at intermediate southern latitudes (40-60°S). Results from both [Satoh et al.
(2015) and Shalygina et al.| (2015) are, at least qualitatively, compatible with
our detection of relatively large particles (>0.3 ym) in the upper haze. The
best fit process shows that modes 2 and 2’ have the best accordance with
the reference model in terms of particle size. The main retrieved values for
their modal radii are 0.8/1.0 pm and 1.4 pm respectively, to be compared
with 1.0 pm and 1.4 pm of the reference ones. The decrease of effective size
of mode 2’ particles with latitude inferred from our analysis is in accordance
with findings of Shalygina et al. (2015)). However, it shall be noted that these
authors performed an analysis on solar radiation reflected at the top of the
atmosphere and therefore a proper comparison shall probably be made with
the upper mode 2, where an opposite behaviour is found. Results concerning

mode 2 concentration show a very high variability of number density in the
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Venus’ atmosphere between 60 and 70 km of altitude. A lower variability is
observed in the lower clouds for modes 2’ and 3 but their particle number

density is increased by about 30-40% with respect to the reference values

in most of the cases, that is a similar to what found by [Haus et al. (2013).

More than half of the best fit models show mode 3 particles about 55%
smaller in volume than the reference one, even though the size of 3.65 pm is
largely present in the retrieval results. The increase of mode 3 particle size

with latitude is qualitatively consistent with the increase of total opacity of

deep clouds toward the pole reported by (Cardesin Moinelo et al| (2008) from

VIRTIS observations over the southern hemisphere and with the variations

of deep cloud size invoked to justify the NIMS observations by
(1993) and Grinspoon et al.| (1993)).

The chemical composition of the clouds is usually considered in models

as an aqueous solution of sulphuric acid at 75%, uniform along the whole
vertical extent of the clouds layer. Nevertheless, many authors suggest that
the acid concentration increases with decreasing altitude, up to 98% in the
lower clouds. The synthetic dataset accounts for vertically uniform clouds
with constant H,SO, concentration with values 75%, 84% and 96%, and also
for clouds with vertically variable concentration, separated into upper clouds
(modes 1 and 2) and lower clouds (modes 2’ and 3), with higher acid con-
centration in the lower layers. For the first time, also the 75%/84%,
75%/96% and 84%/96% combinations have been tested in a re-
trieval scheme in conjunction with variation of the microphysics
and density of the cloud particle size distribution. None of the VIR-
TIS spectra are fitted by a synthetic spectrum realized with the usual 75%
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hypothesis. Also the 84% case has no correspondence with the observations,
except for only two cases, and only about 8% of the bins are fitted by a mixed
cloud 75%/84%. On the contrary, the hypothesis of a stratified cloud with
high acid concentration in the bottom layer, up to 96%, is strongly supported
by about 92% of the retrievals. In particular, the 84%/96% combination re-
sults in more than half of the observations. Using the stratified cloud allows
to adequately fit the observed radiance in the short-wavelength side of the
4.3 ym band which is known to be problematic when the 75% concentration
is assumed in the model. Pure 96% models represent only a little percent-
age of the retrieved sample but they are not negligible and outnumber the
frequency of occurrence of lower uniform concentrations. Our analysis sug-
gests also a latitudinal increase of sulphuric acid concentration in the clouds
moving from the equator toward the poles. This last finding confirms the
previous study by [Barstow et al. (2012) based on VIRTIS observations over

the southern hemisphere.
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