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Abstract we present and discuss here the average fields of the Venus atmosphere derived from the
nighttime observations in the 1960-2350cm ™" spectral range by the VIRTIS-M instrument on board the Venus
Express satellite. These fields include: (a) the air temperatures in the 1-100 mbar pressure range (~85-65 km
above the surface), (b) the altitude of the clouds top, and (c) the average CO mixing ratio. A new retrieval code
based on the Bayesian formalism has been developed and validated on simulated observations, to statistically
assess the retrieval capabilities of the scheme once applied to the VIRTIS data. The same code has then been
used to process the entire VIRTIS-M data set. Resulting individual retrievals have been binned on the basis of local
time and latitude, to create average fields. Air temperature fields confirm the general trends previously reported
in Grassi et al. (2010), using a simplified retrieval scheme and a more limited data set. At the lowest altitudes
probed by VIRTIS (~65 km), air temperatures are strongly asymmetric around midnight, with a pronounced
minima at 3LT, 70°S. Moving to higher levels, the air temperatures first become more uniform in local time
(~75 km), then display a colder region on the evening side at the upper boundary of VIRTIS sensitivity range
(~80 km). As already shown by Ignatiev et al. (2008) for the dayside, the cloud effective altitude increases
monotonically from the south pole to the equator. However, the variations observed in night data are consistent
with an overall variation of just 1 km, much smaller than the 4 km reported for the dayside. The cloud altitudes
appear slightly higher on the evening side. Both observations are consistent with a less vigorous meridional
circulation on the nightside of the planet. Carbon monoxide is not strongly constrained by the VIRTIS-M
data. However, average fields present a clear maximum of 80 ppm around 60°S, well above the retrieval
uncertainty. Once the intrinsic low sensitivity of VIRTIS data in the region of cold collar is kept in mind, this
datum is consistent with a [CO] enrichment toward the poles driven by meridional circulation.

1. Introduction

Venus has regained interest in the large planetary community after the successful orbit insertion of ESA’s
Venus Express satellite (VEX) on April 2006. The VEX payload has demonstrated to be particularly suitable
for the atmospheric investigations, producing a data set of several years that allows now to characterize
the Venus conditions on statistical basis. These studies have acquired a particularly significance since it
has become clear that Venus: (a) may provide deep insights on the onset of runaway greenhouse
effect [e.g.: Ingersoll, 1969; Driscoll and Bercovici, 2013], and (b) represents an important analogue for
the study of Earth-size exoplanets located on the (yet poorly defined) inner edge of the habitable zone
[Abe et al., 2011].

In this context, an extensive characterization of the average state of the Venus atmosphere becomes
particularly desirable as a starting point for more advanced studies. We have already discussed in Grassi et al.
[2010] (paper | hereafter), the specific characteristics of the VIRTIS-M and provided a preliminary description
of the average air temperature fields derived from its data. The present work aims to complete that discussion
following two rationales: (a) the use of a more advanced algorithm, able to retrieve simultaneously the effective
cloud top altitude and the average CO mixing ratio [CO], and (b) the processing of the entire data set acquired
by VIRTIS-M during the operative lifetime of the IR cryocooler. At the current date, our approximate forward
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radiative transfer algorithms are not yet capable to reproduce properly the CO features observed in Venus
spectra at the resolution of VIRTIS-H. Consequently, the analysis of the data set returned by this subsystem had
to be postponed to a future work.

2. The VIRTIS-M Data

While the main characteristics of VIRTIS instruments are given in paper | and in Piccioni et al. [2007], we briefly
remind here the facts more relevant for the discussion.

VIRTIS-M is (along with VIRTIS-H) a subsystem of the VIRTIS (Visual and Infrared Thermal Imaging
Spectrometer) instrument. VIRTIS-M is a spectro-imager, able to acquire simultaneously the spectra of 256
spatially contiguous, aligned pixels (a “slit”). Each spectrum covers the range 0.4-5.1 um (25,000-1960cm ™),
with a spectral sampling of 1.9 nm (between 0.4 and 1 um, i.e,, 25,000-10,000 cm™") or 11 nm (in the 1.-5.1 um
range, i.e, 10,000-1960cm™").

Repetition of the slit acquisition with different pointings (achieved either by the instrument internal scanner
or by the spacecraft motion) allows one to build a “cube,” i.e., a bi-dimensional image where we have a full
spectrum for each pixel. The field of view for an individual pixel of VIRTIS-M (IFOV) is 0.25 x 0.25 mrad. This
value corresponds to a horizontal resolution for individual pixels of 16.5 x 16.5 km in the case of
measurements acquired at the VEX apocenter.

On-ground and on-board calibrations provided an estimate of the noise equivalent radiance in conditions of
zero signal (i.e., without photon noise contribution from the observed scene) equal to 810> pW/(m? sterm ")
at 2000cm ™.

In this work we considered the values of VIRTIS spectral sampling points centers and effective resolution as
given in the VIRTIS-M calibration document (available at ftp://psa.esac.esa.int/pub/mirror/VENUS-EXPRESS/
VIRTIS/) for the central part of the slit and the effective temperature of the instrument of 155K. The
instrument is known to vary slightly these parameters depending on slit position and instrument thermal
conditions, but a satisfactory empirical modeling of these effects is not yet available. We preferred therefore
to avoid the introduction of further corrections that could easily result in additional sources of error.

Most of the cubes used in this work were acquired at the VEX apocenter (located above the Venus south pole),
scanning the disk with the VIRTIS internal pointing mirror. In these cases, the spatial resolution is worse, but the
slower orbital motion allowed the instrument to acquire wide global mosaics of the southern hemisphere. A

small percentage of cubes (5%) were taken scanning the planet using the orbital motion of the spacecraft. These
data cover a larger span of latitudes at higher spatial resolution but in very narrow stripes along meridians.

Air temperature retrieval can be performed inverting the observed atmospheric thermal emission, exploiting
the variable opacity of CO, inside its 4.3 um (2325 cm™") band [Grassi et al., 2008]. In daytime, radiance in this
spectral region is dominated by the reflected sunlight and, in the most opaque parts, by the CO, non-LTE
emission [Gilli et al., 2009]. At the current state of our modeling tools, it is not possible to disentangle these
contributions with an acceptable speed; therefore, in this work we had to limit the study to the nighttime data. In
order to avoid the signal saturation by the instrument thermal emission in the region above 3.5 um (2860 cm™"),
we had to consider only the data acquired with exposure times below 0.36 s and active cryocooler.

These constraints reduce the suitable VIRTIS-M data set to 636 cubes, acquired between orbits 23 and 847
(14 May 2006 to 15 August 2008). This data set needed to be preprocessed before the analysis by the actual
retrieval code. This phase included a statistical study of the cube values, mostly aimed to detect and mask
cube regions affected by the impinging of cosmic rays. The masked cubes were then averaged, in the spatial
dimension, in bins of 4 x4 pixels (ignoring masked data). This procedure obviously reduced the spatial
resolution but allowed: (a) to achieve acceptable processing times and (b) to remove the high-frequency
spatial variations of the signal observed along the slit (the so-called “odd-even effect”), which were occasionally
left behind by calibration procedures.

3. Retrieval Code Concepts

A full retrieval scheme for VIRTIS data based on the Bayesian formalism [Rodgers, 2000] was first presented
by Irwin et al. [2008a] (paper Il hereafter) as a specific optimization of their well-established NEMESIS code
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Figure 1. Reference extinction coefficients for the different
aerosol modes included in the radiative transfer computations.
Plots refer to the wavelength of 5 um (2000 cm71). The retrieval
code varies the cloud top altitude applying a scalar (i.e, con-  3.1. Atmosphere Model

stant along altitude) multiplicative factor to these profiles. 0 d dels th h £V
The multiplicative factor has the same (variable) value for ur new code models the atmosphere of Venus as

modes 2, 2', and 3, while it is kept fixed to one for mode 1. a stack of 67 fixed pressure levels, uniformly spaced
along the logarithm of air pressure, between 1200

and 5- 107> mbar (~ 50.-106. km). The retrieval scheme considers the air temperatures at these levels as the
main unknown parameters to be retrieved.

The code assumes the number and properties of aerosol modes described in Zasova et al. [2007], ultimately
derived from Knollenberg and Hunten [1980]. Namely, size distributions (modes 1, 2, 2, and 3), composition
(75% H,S04, 25% H,0), and relative aerosol density vs. altitude (for each of the four modes) are kept fixed
during the retrieval. The retrieval code is allowed to vary the effective altitude of the clouds by changing the
value of just one scalar multiplicative factor, to be applied to the reference profiles of aerosol densities vs.
altitude. Extinction coefficients corresponding to these profiles are presented in Figure 1. The same factor is
applied to all altitude levels for aerosol modes 2, 2', and 3. Densities of mode 1 particles are not varied. Once
the current aerosol density profiles are determined by the multiplication, we can define the effective cloud
top altitude as the level of =1 at the reference wavelength of 1.21 um (8264 cm ™), which allows us to
compare with the results of Ignatiev et al. [2009].

CO, and CO are assumed to have a constant mixing ratio with altitude. The [CO,] is assumed equal to 0.965
while [CO] is retrieved by the code for each spectrum, on the basis of the shape of its main band located at
4.6 um (2174cm™"). Paper Il provides an extensive discussion of sensitivity of VIRTIS-M data to CO content.

The state vector to be retrieved (x, in the Rodger’s formalism) consists therefore in an array of 69 scalar
elements. Instead of retrieving the absolute multiplicative factors for aerosols and CO, we preferred to
consider as unknown their respective logarithms. This choice forces the multiplicative factors to be always
strictly positive and avoids unrealistic negative values. While this approach may not be suitable when dealing
with quantities virtually equal to zero (e.g., determination of detection thresholds for minor species), it is fully
justified in this context, since CO and aerosol are known to be always present.

3.2. Approximations of the Forward Radiative Transfer Model

To achieve a reasonable computational time, approximations need to be adopted to model the forward
radiative transfer processes and to derive the spectrum F(x) expected for a given x. Eventually, we need to
compare this quantity to our actual VIRTIS-M spectrum (y, in the Rodger’s formalism).

CO, transmissions are evaluated by the pre-convoluted transmission method, originally developed for the
modeling of the Venus CO, 15 um (667 cm™") band [Schaefer et al., 1987] and successfully adopted for Mars
[e.g.: Grassi et al., 2005] and Venus [Grassi et al., 2008]. The pre-convoluted transmittances are computed
considering the opacity of CO, in the 4.3 um region (around 2325 cm ') expected by the model of Tran et al.
[2011], inclusive of the line-mixing effects. The pre-convoluted transmittances are not yet providing satisfactory
accuracy in the CO, transparency windows, where thermal radiation may escape from the lower atmosphere
(2.3 and 1.71 um, 4350 and 5850 cm ™). Consequently, we were forced to disregard these spectral regions in
our analysis, despite their valuable information content for vertical aerosol distribution [Haus et al., 2013].
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CO transmittances for variable mixing ratios are derived according to the Curtis-Godson approach. In the
computation of CO tables, we considered the CO line parameters listed in the HITRAN 2008 database [Rothman
et al., 2009]. The Voigt line shape was assumed, truncating line wings 35cm™" away from respective centers.

Multiple scattering is taken into account solving the radiative transfer problem by mean of the “layer flux
adding procedure” [Isaacs et al., 1987]. Particles are assumed to be spherical and a Mie code is used to derive
the Legendre expansion of their phase functions up to the 48™ term.

3.3. Assumed a Priori and Its Covariance Matrix

A priori state vector (x4) and its covariance matrix (S4) may have a key influence in final results of highly
underconstrained retrievals, which is a common condition in remote sensing problems, also occurring here.

For air temperatures, at each pressure level in our vertical grid, we assumed as a priori the mean of values
retrieved from Venera 15 FTS data [Zasova et al., 2007]. For the aerosol multiplicative factor, a priori was set
equal to one (zero in the logarithmic space) while for [CO] we considered as a priori the mean value of 40 ppm
quoted by paper Il.

For the overall structure of S, matrix, we set to zero every off-diagonal element related to aerosol and CO.
This means that we did not impose in our solutions any statistical correlation between aerosol densities and
air temperatures or between [CO] and air temperatures. Conversely, air temperatures at adjacent levels
cannot be considered as statistically independent and we assumed a correlation in the form of

G = exp(f(zi _ Zj)z/hcz).

Here, i and j are indexes to designate different pressure levels, z; and z; their respective altitudes (in the a
priori temperature profile), and h. is an effective correlation length.

Ideally, h. and the variances @,> of the state vector elements (i.e., diagonal elements of S,) shall be
derived exclusively from the analysis of available climatology (a priori information), but several practical
issues (e.g., ambiguities in defining the effective vertical resolution of Venera 15 retrievals, limited
coverage, different reference wavelength for cloud altitude) precluded this straight approach. As a
matter of fact, h. and the o, are free parameters of our retrieval scheme, to be tuned during the
validation phase of the code. Tests on simulated observations and on a limited set of actual VIRTIS data
demonstrated a non negligible dependence of final results on the adopted values. Nevertheless, they
also pointed toward a rather defined set of values, suitable to minimize the retrieval error and to
maximize the probability to achieve convergence. These values include: (a) an h. comparable to the
typical widths of weighting functions for air temperatures, and (b) values of g, slightly smaller than the
corresponding actual standard deviations in the input state vector elements considered to generate
simulated data set.

The results presented in this paper were achieved considering h.=7.5 km, o,(air temperature) =4K (for all
levels), a4(logig(aerosol multiplier)) = 0.3, and 6,4(log;¢(CO multiplier)) =0.3.

3.4. Assumed Measurement Errors and Corresponding Covariance

In ideal conditions (i.e., no systematic calibration artifacts), measurement errors in different sampling points
of the spectrum display zero statistical correlation, leading to a diagonal form for the S, matrix. The simplest
hypothesis for this quantity is therefore:

Se(m,n) = NER, - NER, - 6™y,

where m and n are indexes to define different spectral sampling points, and NER indicates the noise equivalent
radiance of the instrument. We assumed for the NER the estimates from calibration measurements (see again
the calibration document at ftp://psa.esac.esa.int/pub/mirror/VENUS-EXPRESS/VIRTIS/), for conditions of zero
signal. This value was further divided by 4 to account for the average process of adjacent spatial pixels
described in section 2.

This NER figure represents just a lower limit for actual measurement errors. A first obvious source of additional
error is represented by the photon noise of the source. More interestingly, measurement errors provide a direct
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Figure 2. Retrieval errors on air temperatures, as estimated ~ unrealistic temperature profiles.

from numerical tests on simulated VIRTIS observations. Black: .
. ) . For each spectrum, the code was allowed a maximum
systematic error, Gray: random error. Solid: assuming the

nominal NER value, dash-dotted: including the modeling of 20 iterations to achieve the convergence. The
residuals observed on real Venus data. convergence criterion was established by the

comparison, at each iterative step, of the magnitude
of the update in the state vector with its expected covariance matrix. Namely, considering eq. 5.29 of Rodgers
[2000], we required that d;?/n becomes smaller than 0.005.
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The Jacobian matrix (K in the Rodgers formalism) was computed by direct numerical differentiation at each
iterative step, since inclusion of multiple scattering makes the explicit differentiation of the forward model
a prohibitive task. Preliminary tests demonstrated that, even considering the CO, transmittance as expected
by the modeled by Tran et al. [2011], our code was not able to model satisfactory short-wavelength side of
4.3 um band (wavenumbers higher than 2350 cm™"). For spectral-fit purposes, therefore, the code considered
only the range between 4.25 and 5.1 pm (2350-1960cm ™).

4, Validation Using Simulated Observations

Following the same approach adopted in Grassi et al. [2008], we extracted from the Venera 15 FTS retrievals a
subset of 182 T(p) profiles, distributed as uniform as possible in the local time/latitude space. Despite this
effort, the selected profiles refer mostly to high-latitude locations because of the observational bias imposed
by the orbit of Venera 15 satellite. We also generated a series of 182 random values for the logarithm of the
multiplicative value for CO mixing ratio and a series of 182 random values for the logarithm of multiplicative
value for aerosol mixing ratios. More specifically, resulting [CO] values vary between 3 and 480 ppm, with

a standard deviation of 70 ppm, while cloud top altitudes vary between 69 and 74 km, with a standard deviation
of about 1 km. These data together allowed defining 182 different state vectors, which were used to compute
the corresponding expected VIRTIS spectra (for zero degrees emission angle). The code used to compute
synthetic spectra was the same embedded in the retrieval code. Eventually, we added to the simulated
observations a random noise, whose statistical properties are given by the S, matrix given in section 3.4 (noise
is recomputed with a different set of random values for each spectrum). The resulting simulated VIRTIS spectra
were provided as input to our retrieval code, to evaluate its performances on statistical basis.

4.1. Modeling Performance

The code was able to achieve a very good modeling performance on simulated data. The 4 statistic is
strongly peaked around value 1 while—in the spectral range considered for the spectral fit—the statistics of
residuals (observed—best fit spectra) show an average value very close to zero (i.e., no systematic error), and
a random value basically identical to the noise imposed to data.

4.2, Retrieval Performance

A case-by-case comparison between the values of the input state vector and those retrieved by the code
from simulated observations allowed a statistical assessment of retrieval capabilities.

Air temperatures were retrieved in the entire region 1-100 mbar (~ 85.8-65. km) with a systematic error
smaller than 1K (Figure 2). Random errors remained below 2 K between 1.2 and 50 mbar (~ 85-68.1 km) and
below 5 K between 0.7 and 90 mbar (~ 87.2-65.2 km). Similarly, the altitude of the cloud top was retrieved
with a negligible systematic error (0.04 km) and a random error of 0.65 km. As already pointed out by paper I,
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Figure 3.Examples of observed VIRTIS-M spectra and repeated the test adopting a constant T(p) profile

corresponding best fit spectra produced by the retrieval with a strong thermal gradient around 65 km. In
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= this run, random retrieval error on [CO] was reduced
1 uW/(m2 sterm™ ). Both examples are from cube VI00038_02. t05.2 [CO]
0 5.2 ppm.

Retrieval errors derived from this test shall, however, be considered as optimistic limits of the actual
performance on real VIRTIS data. Simplified aerosol properties and approximations of adopted forward
radiative transfer models are two likely sources of additional errors. In this view, section 5.1 describes an
approach to estimate more realistic retrieval errors.

5. Results on Actual VIRTIS-M Data

The code described in section 3 was applied to the entire set of VIRTIS-M data acquired during the operative
lifetime of the cryocooler, resulting in a set of more than 2-10° individual retrieved state vectors.

This data set enables several opportunities of analysis. In this work, we limit our focus on the average
properties of the Venus atmosphere, to validate and to extend the results we previously reported in paper I.

5.1. Overall Modeling Performance and Updated Retrieval Performance Estimates

Once the code was applied to the real data, it was not able to achieve the excellent modeling performance
obtained on simulated observations (Figures 3 and 4). Even considering only the cases where the convergence
criterion described in section 3.5 was satisfied, the differences between observed and best fit spectra show a
systematic component well above the assumed NER in several spectral regions within the range adopted
for modeling. The random component of the residuals has usually a value about four times larger than the
assumed NER level. Correspondingly, 2 statistics is strongly peaked around a value of about 25.

These residuals can have several different origins. We focused our attention on the approximations in the
modeling of gaseous transmittance. For this purposes, we compared the 182 simulated observations
described in section 4 (before adding noise) with the corresponding spectra computed by a line-by-line
approach (Figure 5). Both systematic and random
components of these differences are well below
the values observed in Figure 4. Therefore,

Modeling residuals

0.15[F ]

oo 7 7 approximations in gaseous transmittance treatment
A | ﬂ 1 canjustify only a part of the observed residuals.
& oospyll E . . .
“ [ 1 Other sources of discrepancies—more difficult
:E/ [ I" n” “” hl'l\vhlm" lk e oA MMMNAVMAM'A/‘V'\/\A/\A,‘V'\AN\; . p
S 000 JMMW‘M—‘HWW Vi T to quantify—can potentially be represented by
% || lV WW 1 the following:
g -0.05 B
Zﬁ .10 Ipectral ronge used for spectra fit Systematic error 7 1. The approximate model of aerosols (size and

' ] optical properties), too simplified or inadequate

-0.15 |

2000 2200 2200 2600 2800 with respect to the actual Venus conditions. The
Wovenumber [em”] assumption of constant properties in space and

Figure 4. Statistic on the differences between observed and time is particularly strong.

best-fit spectra, as derived from the analysis of the entire 2. Approximations in the treatment of multiple
VIRTIS data set. scattering by the layer flux adding procedure.
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5. Residual errors in the adopted values for VIRTIS
Figure 5. Comparison between synthetic spectra computed spectral resolution and sampling grid. This
by the approximate subroutine used in the retrieval code hypothesis is qualitatively consistent with the
and line-by-line counterparts. high-frequency components of the systematic

differences. Furthermore, the variations of these
parameters along the slit or with spectrometer temperatures can represent another source of residuals when
the entire data set is considered. Minor calibration artifacts may contribute both to systematic and random
components of residuals. Adopted NER values may also be underestimated with respect to the actual values.

Regardless the actual source of spectral residuals, their effects on retrieval results can be quantified by
repeating the validation tests on simulated spectra, as described in section 4, with the addition of: (a) adding
to each simulated spectrum the systematic residual given in Figure 4, and (b) adding a random noise with the
same statistic of random residual given in Figure 4. This approach—adopted also in Tice et al. [2013]—provided
us with updated information on retrieval performance.

Air temperature retrieval errors are presented as dashed lines in Figure 2. The region where the random error
is below 2 K is now reduced to the range 3-50 mbar (~ 81.2-68.1 km). The random error lies below 5 K between
1.2 and 90 mbar (~ 85.0-65.2 km). Noteworthy—for both reference values of error—the confidence region is
substantially reduced only in the upper levels, where information is derived from the inner parts of the CO,
band, more prone to additional noise because of their overall lower signal level. Higher parts of the sensitivity
range (above the 2 mbar level, ~ 82.9 km) are also relatively more affected by the rapid growth of systematic
retrieval errors. Their magnitude remains, however, below 1.5 K between 1 and 100 mbar (~ 85.8-65.0 km).

The performance on the retrieval of aerosol cloud top is not subject to substantial degradation in the updated
estimate. The systematic component of the retrieval error remains very low (—0.13 km) as well as the random
contribution (0.67 km). Conversely, the performance on [CO] retrievals is more strongly affected: while the
systematic component remains relatively low (2.85 ppm), the random error increases up to 18.1 ppm. Even in
this new evaluation, however, true and retrieved values of [CO] mixing ratio retain a correlation coefficient
equal to 0.95.

5.2. Retrievals Post-Processing
The retrieved population of state vectors derived from real VIRTIS data was filtered to accept only the cases where:

1. we have an ‘acceptable’ match between observations and best fit simulated spectra (quantified by a
%% < 50. if computed by considering the original NER; this value corresponds to a y° of about 3 if one
considers the random modeling error of Figure 4);

2. the emission angle is smaller than 30° (to limit uncertainties related to approximate forward modeling of
the radiative transfer);

3. the solar incidence angle is greater than 95°, to remove cases with residual non-LTE emission at the
bottom of the 4.3 um (2325cm™") band.

The elements of the resulting selected population (about 9.3 - 10° individual state vectors) were binned
according to local time and latitude. We chose a bin size value of 2° for both latitude and local time. Inside each
cell of this local time/latitude grid, we can now define a set of different estimates (one estimate = one individual
retrieval) for each element of the state vector (67 air temperatures at the different levels of the pressure grid,
cloud top altitude, [CO]). Each set is filtered to remove outliers that lie more than 20 away from the mean value.
Selected elements are eventually averaged to create the mean fields presented in Figures 6, 8, and 9.
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Figure 6. Average air temperature field of the Venus atmosphere at different pressure levels, as retrieved from VIRTIS-M data.

5.3. Average Temperature Fields

The average temperature fields at five different pressure levels are presented in Figure 6. These can be
compared with the previous results of Figure 3 in paper I.

The level of 98 mbar (~64.8 km, panel a) lies at the lowest boundary of our sensitivity range. Here, the cloud
effective opacities often exceed the unit value, and temperature retrieval errors are strongly correlated to
absolute cloud opacity and to retrieval errors on the altitude of the cloud top. Taking these effects in due
consideration, we can confirm one of the main findings of paper I: at 75°S we can observe a strong cooling
of the atmosphere at 3LT with respect to evening local times. The monotonic longitudinal increases of air
temperature from the region of the cold collar toward the equator and toward the south pole are also
confirmed. With respect to results of paper I, we can observe: (a) a shift toward higher latitudes of the region
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A of minimum temperature, (b) a general increase
of temperature values (>5K) and of latitudinal
temperature gradients for the regions northward
of 50°S, and (c) reduced latitudinal temperature
A gradients southward of 70°S. While it is difficult to
quantitatively explain these differences between
the two approaches, our preferred hypothesis

E consists in the different treatment of aerosol

100F ‘ s s s LA altitudes between the algorithm presented here
e e 20 Tempefcjta(e I 220 20 % and the one adopted in paper I. The latter basically
assumed a fixed altitude, equal to about 71.7 km.
The cloud top altitudes presented below (see
section 5.4) show a weak but clear increase from the
pole toward the equator. Consequently, at this
pressure level we observe a larger opacity toward the equator, and a smaller opacity toward the pole with
respect to the assumption in paper I. At a fixed radiance value and air temperatures decreasing with altitude,
this induces higher retrieved temperatures toward the equator and lower retrieved temperatures toward the
poles, as actually observed here. Noteworthy, despite retrieval uncertainties related to aerosols, our results at
this pressure level are in excellent quantitative agreement with the retrievals from VeRA data (Tellmann et al,,
in preparation, 2013), that are not prone to adverse effects of clouds. VIRTIS retrievals are also in agreement
with the results of Encrenaz et al. [2013], who—on the basis of ground-based observations of the continuum
thermal emission of the cloud top at 7 um (1428 cm™")—estimated an air temperature difference of about
10K between the evening and the morning terminator around this pressure level at 70°S.

/

Pressure [millibar]
o
T

[[ — oaLT, 70s
[| — 21, 708

Figure 7. Average T(p) profiles at selected local times and lati-
tudes. Triangles mark the pressure levels displayed in Figure 6.

The level at 34 mbar pressure (~70.0 km, panel b) shows a strong evening-morning asymmetry, particularly
marked north of 60°S, where the morning side can be colder about 5 K. Above this level, air temperatures are
monotonically decreasing from the pole toward the equator for all local times. For this altitude, the cloud
opacity is already much smaller than 1 at all longitudes, and therefore it is not surprising that we essentially
confirmed the results of paper I.

At 12.1 mbar (~ 74.9 km, panel c) the air temperature fields are remarkably symmetric with respect to midnight.
The only relevant feature remains the cold region at 40°S, 23LT, which does not have a morning counterpart.
Again, we observe a very good agreement with results from paper I: the slight increase of temperatures around
midnight south of 70°S described there is, however, completely smeared out in the new data set.

The pressure level of 3.8 mbar (~80.2 km, panel d) shows, north of 70°S, a morning side warmer than its evening
counterpart (5-10K at 40°S), as already described in paper I. This finding is consistent with the cooling on
the evening side around 40°S that VeRA observes when moving between 4mb and 1 mb (~85.8 km) levels
(Tellmann et al., in preparation, 2013)

The validation procedure described in section 5.1 justifies a cautious inspection of the average field at
1.4 mbar pressure level (~84.5 km, panel e). Even if temperatures remain slightly higher on the morning side,
average fields become more symmetric around midnight, where a local maximum appears north of 50°S.

The sensitivity range of VIRTIS spans over about 20 km in altitude, where air temperatures exhibit complex
relations with local time. This fact suggests a key role of dynamic in shaping Venus nighttime air temperature
fields. Particularly interesting is the overall temperature variation with local time at different altitudes, better
seen in the selected complete T(p) profiles presented in Figure 7. While morning side is colder at 34 mbar
(~70.0 km), it shows similar values to evening counterpart at 12.1 mbar (~ 74.9 km), becomes warmer at

3.8 mbar (~80.2 km) and seems to reduce again the difference at 1.4 mbar (~84.5 km). Migliorini et al. [2012],
used the LMD Venus global circulation model [Lebonnois et al., 2010, 2012] to interpret the VIRTIS-H
observations in term of thermal tides. They concluded that the signal of the semi-diurnal tide was present at
equatorial and low latitudes, while the signal at high latitudes was likely to be interpreted as the diurnal
component of the tides. In the VIRTIS-M observations discussed in the present paper, we clearly observe the
shift of the phase of the semi-diurnal component with altitude, as shown in Figure 5 of Migliorini et al. [2012],
for the GCM model (Note that the pressure levels do not necessarily correspond between model and
observations). This strong similarity between observations and model results will require further work to
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Latitude

Cloud top altitude [km]

Average cloud top altitude '[Km] establish the theoretical basis for the

vertical propagation of the Venusian
semi-diurnal component within the
classical theory for migrating (i.e., Sun-
synchronous) solar tides.

-20

5.4. Average Cloud Top Altitude
and [CO] Fields

Figures 8 and 9 show the average values
of cloud top altitude and [CO] retrieved
from VIRTIS data.

18 20 29 240 2 4 6 Our retrievals from VIRTIS nighttime
Local time g dataindicate a monotonous increase of
the cloud top from the pole toward the

At ' ' ' ' ] equator (Figure 8). While the cloud top
altitude does not display any peculiar
73F 3 local time trend south of 70°S, for lower

latitudes we can observe higher
F ] altitudes on the evening side, where—
72F 1 consequently—Ilatitudinal variations
appear slightly more evident.
7E E A rise of cloud top altitude toward the
equator was first reported by Kawabata
70 . . . . et al. [1980] and more recently confirmed
—90 —80 ~70 _60 _50 _4g on the basis of VIRTIS daytime data

Latitude [deq] b [lgnatiev et al, 2009] and by SOIR data
at both terminators [Wilquet et al.,

Figure 8. Average altitude of the cloud top, as retrieved from VIRTIS-M  2012]. Both works also suggest higher
nighttime data. (a) As a function of local time and latitude. (b) As a function clouds on the evening side. Despite this

of latitude only, obtained averaging different local times. Vertical bars in
each sampling point (center of averaging bin) show standard deviation
inside each latitude strip.

qualitative agreement, our latitudinal
variations are considerably smaller
than the values reported by other

authors. Namely, our retrievals indicate a total rise of cloud top of just 1 km between 80°S and 40°S,
while Ignatiev et al. observed in the same region a variation of about 4 km. We found particularly challenging to
justify our small variations.

1.

During tests on simulated observations, the retrieval code was able to properly retrieve cloud top altitudes
in the entire range between 68 and 76 km. It is therefore unlikely that the adopted value of S, element
related to cloud profiles multiplier represented an excessive constraint on the solution.

A potential inconsistency is the different approach adopted to vary cloud top altitude (profile multiplier
vs. vertical translation of cloud top at fixed absolute densities). In our preliminary tests we found that
VIRTIS nighttime data in the spectral range considered for retrieval are not able to discriminate between
the effects of these two approaches, and therefore we consider this assumption as marginal in producing
the observed differences.

Both data sets define the altitude as the level of unity opacity at 1.21 um (8264 cm™"), but while in Ignatiev
et al. [2009], this is the actual spectral range used for the retrieval, in our work the value shall be computed
assuming a given ratio of aerosol opacities between our work region (5-4.25 pm, 2350-1960cm ™) and
1.21 um. This assumption is ultimately derived from the adopted aerosol size distribution and composition.
Ignatiev et al. [2009] assumed a cloud only composed of mode 2 particles. Our preliminary tests demon-
strated that the removal of other cloud components determines a worsening of spectral fit between 5 and
4.25 pum (2000-2350 cm ™) that cannot be compensated by varying the quantities to be retrieved in the
state vector. This observation implies that nighttime VIRTIS data cannot be processed in a consistent
manner according to the assumptions of Ignatiev et al., and it is therefore impossible for us to carry out
numerical tests to assess the role of these assumptions in producing the observed differences.
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CO mixing ratio [ppm]

Inspection of [CO] map (Figure 9)
requires special caution due to the
large retrieval error on individual
measurements (about 20 ppm). Further
limits of VIRTIS data in determining the

-20

é -40 [CO] are extensively discussed in paper II.
3 8 Namely, these authors detailed the
-60 Y substantial uncertainties in retrievals
in the area of the cold collar (around
70°S), where the temperature inversion
~80 usually observed between 65 and
18 20 29 24/0 5 4 6 70 km causes a strong decrease of the
Local time a amplitude of CO spectral features and—
consequently—in the data information
100f ' ' ' 1 content. Even with these facts in mind,
I ] VIRTIS retrievals point toward a clear
E 80; local maximum of [CO] in the region
= L around 60°S, where it reaches a peak
% 60 of about 80 ppm. The region appears
o [ slightly more extended in latitude on
£ 40 r the morning side. By comparison, the
g [ two orbits discussed by paper Il show an
© 20 increase of [CO] only north of 55°S and
i more pronounced on the evening side.
0 ! ! ! : That work reports for latitudes north of
-90 -80 =70 -60 -50 —-40
Latitude [deg] b 50°S a value of [CO] between 40 and

60 ppm, and no obvious decrease north

Figure 9. Average CO mixing ratio, as retrieved from VIRTIS-M nighttime
data. (a) As a function of local time and latitude. The pattern of diagonal
lines south of 70°S is introduced to mark the region of typical occurrence
of thermal inversion in the mesosphere, close to the 30 mbar level (~72 km).
Irwin et al. [2008b] demonstrated that in these conditions the information
content of VIRTIS data about CO is particularly low. Consequently, CO

values retrieved here shall be disregarded. (b) As a function of latitude only,
obtained averaging different local times. Vertical bars in each sampling point
(center of averaging bin) show standard deviation inside each latitude strip.

of 45°S. Interestingly, the [CO] latitudinal
trends of our map seem to follow closely
those reported by Tsang et al. [2008],
for the [CO] at 35 km altitude, observed
in the atmospheric windows of 2.35 um
(4255cm ") in the same VIRTIS-M
nighttime data used in this work. An
increase of [CO] below the main cloud
deck from the equator toward the poles

(at least up to 60°S/N) was first reported by Marcg et al. [2005] and Marcgq et al. [2006] from ground-based
observations and further confirmed from VIRTIS-H data in Marcq et al. [2008].

6. Discussion

Our results on air temperatures are in excellent agreement with the values retrieved by Migliorini et al.
[2012], on the basis of VIRTIS-H data for a larger latitudinal coverage. Following the approach adopted in
that paper, we can attempt an interpretation of the observed fields in view of the results obtained by
global circulation models (GCM) of the Venus atmosphere. Namely, we considered the simulations
resulting from the LMD GCM described in Lebonnois et al. [2010], Lebonnois et al. [2012], and Migliorini

et al. [2012].

Figure 5 in Migliorini et al. [2012] presents GCM simulations of the effects of thermal tides in average
temperature fields, computed starting from a condition where superrotation is already established. An

inspection of these results demonstrates that:

1. GCM predicts a semi-diurnal tide dominating at mid-latitudes and a diurnal tide dominating at high
latitudes. Despite quantitative differences between model and observations, this overall structure is

consistent with VIRTIS-M fields.
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2. At high latitudes, the GCM does not model the cold collar, and the minimum of the diurnal tide is closer to
6.00LT than to 3.00LT. However, in the warm polar region at higher altitude, the gradient between the
minimum and maximum values is more consistent with observations.

3. In VIRTIS-M fields the phase of the tides shifts toward earlier hours as one goes higher in altitude. This
feature is reproduced by GCM simulations.

The polar warming observed in VIRTIS-M fields is consistent with the air subsidence related to the meridional
circulation expected by the GCM [Lebonnois et al., 2010]. Noteworthy, the GCM simulations strongly suggest
that subsidence is going deeper in the cloud on the dayside than on the nightside. This may be consistent
with stronger latitudinal contrast in the cloud top on the dayside compared to nightside, suggesting
therefore that—at least partially—the difference of our results of Figure 8 (VIRTIS-M night data) and those of
Ignatiev et al. (VIRTIS-M day data) may reflect a real condition of Venus’ atmosphere, and does not require an
explanation in terms of retrieval issues. This view is further supported by the enhanced altitude differences at
the evening terminator with respect to its morning counterpart, observed in both sets of VIRTIS-M data.

The inclusion of complete photochemical models in GCMs is still a work in progress for the Venus environment.
Nonetheless, results by Stolzenbach et al. [2013] may provide insights to interpret the [CO] map of Figure 9.
These authors expect a substantial increase of [CO] south of 70°S at 65 km altitude as a result of the
accumulation of photochemical products at the poles by the meridional circulation. This is a similar
interpretation as proposed in Marcq et al. [2006], Marcq et al. [2008], and Tsang et al. [2008] for values observed
deeper below the clouds, at the 35 km altitude, and modeled with the LMD GCM and a passive tracer scheme
in Marcq and Lebonnois [2013]. The decrease north of 60°S expected by the model is quantitatively consistent
with our results. On the other hand, paper Il demonstrated a strong decrease of VIRTIS-M data sensitivity
to CO south of 70°S because of temperature inversions associated to cold collar. Consistent with this
interpretation, our values here align with the a priori estimate of 40 ppm. GCM and VIRTIS-M data set are
therefore consistent once intrinsic limitations of both are taken into account.

7. Conclusions

The development of a full Bayesian code for the analysis of VIRTIS-M nighttime data allowed to confirm the
important role of dynamic in driving the atmospheric conditions at Venus.

1. Air temperatures between 65 and 80 km were mapped in their average values as a function of latitude
(from south pole to 40°S) and local time (during night), creating a key reference for validation of Venus
GCMs. These results confirm the major role of thermal tides in shaping Venus temperature fields, as
already pointed out in Tellmann et al. [2009] and Migliorini et al. [2012].

2. The average temperature fields described in our previous results of paper | are confirmed qualitatively and
quantitatively by the outcomes of the new algorithm presented here. Relevant differences are observed
only in the lowest part of our sensitivity range (98.4 mbar, i.e,, ~65 km). Here, the variable cloud top altitude
available with the new code leads to lower air temperatures south of 60°S and to warmer temperatures
north of 60°S. Namely, the coldest area of the cold collar at about 3LT is moved from 65°S to 70°S.

3. The new retrieval code allowed to determine average fields of cloud altitudes and [CO]. Despite the uncer-
tainties, we confirmed an increase of cloud altitudes from the pole toward the equator also on the
nightside. The higher variation observed at the evening terminator with respect to the morning terminator
can be a proxy of the more vigorous meridional circulation on the dayside expected by GCMs.

4. The region of maximum [CO] above the clouds (60°S) is consistent with a relative enrichment driven
by the sinking of [CO]-rich air from regions at higher altitudes associated with the mean meridional
circulation, once the limitation of VIRTIS-M [CO] values in the cold collar are kept in mind.

In view of the results obtained so far, we plan to reprocess in future the entire VIRTIS-H data set with the new
retrieval code, to extend these studies at all latitudes.
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