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ABSTRACT

Minor gas abundances in the lower atmosphere ofu¥ersouthern hemisphere are
investigated using spectroscopic nightside measemé&snrecorded by the Visible and
InfraRed Thermal Imaging Spectrometer aboard ES¥é&us Express mission in the
moderate spectral resolution infrared mapping cee(MIRTIS-M-IR, 1-5 pum, FWHM=17
nm). The entire usable data archive is utilizeduiding only radiation spectra sampled at
long detector exposure times3(3 s) during eight Venus solar days between A#06 and
October 2008. Combined radiative transfer andevedti techniques (Haus et al., 2013; Haus
et al., 2014) are applied for a simultaneous datetion of total cloud opacity and,8, CO,
and OCS abundances from the 2.3 um atmospherisptieency window that sounds the
altitude range between about 30 and 45 km. A wagthedependent CQopacity correction
is considered.

Zonal averages of CO abundances at 35 km incrgaabdut 35% from (22.9 + 0.8) ppmv at
equatorial latitudes to (31.0 £ 2.1) ppmv at 658 &hen decrease to (29.4 + 2.4) ppmv at
80°S The = figures refer to the statistical vadipiof retrieved abundances. In accordance
with earlier results, the observed latitudinal adan of tropospheric CO is consistent with a
Hadley cell-like circulation. Dawn side CO abundesmat high latitudes are slightly smaller
than dusk side values by about 7%. The latitudiigtribution of OCS at 35 km is
anticorrelated with that of CO, ranging from ab@utl5 + 0.2) ppmv at 65°S to (1.60 + 0.2)
ppmv at low latitudes (poleward decrease of 28%haf averages of #D abundances near
35 km slightly decrease toward the South Pole muah0%, and the hemispheric average is
(32.0 £ 1.3) ppmv. A significant local time depende of OCS and #D is not observed.
Detailed analyses of individual spectrum retriegedors for different atmospheric models
reveal that CO abundance results are reliable r(drito), while HO and OCS results have
lower confidence (errors 30-47% and 41-86%, respag). SO, abundances cannot reliably
be retrieved from VIRTIS-M-IR spectra.
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1. Introduction (1993), Collard et al. (1993), de Bergh et al.
(1995), and Meadows and Crisp (1996). A
It is known since the mid 1980s and earlyeview of this and other work that explored
1990s that infrared radiation from the lowemany structural details of the lower
atmosphere of Venus and the planetatmosphere below the cloud base down to the
surface may escape to space in some narrewmface was supplied by Taylor et al. (1997).
transparency windows between strong carbdiore recent ground-based observations were
dioxide and water vapor absorption banddescribed by Marcq et al. (2005; 2006),
shortward of 2.5 pum where the singleCotton et al. (2012), and Arney et al. (2014).
scattering albedo of the sulfuric acid cloudgarth-based measurements, however, are
approaches unity (i.e. clouds completelyestricted to a small range of longitudes every
scatter radiation but do not absorb it). Thi48 months due to the Venus-Earth spin-orbit
radiation is only detectable on the nightsideommensurability. The spatial and temporal
of the planet, since multiple-scattering otoverage of the NIMS and VIMS
solar radiation in the dense Venus cloudsieasurements was comparatively small
exceeds thermal radiation by several ordebecause of the short duration of their
of magnitude. The 2.3 and 1.74 pm windowspacecrafts' flybys.
were discovered by Allen and Crawford
(1984), while 1.31, 1.28, 1.18, and 1.10 prihe Visible and Infrared Thermal Imaging
window radiation signatures were firstSpectrometer VIRTIS (Drossart et al., 2007;
described by Allen (1990). The 1.02 unPiccioni et al., 2007; Arnold et al., 2011;
surface window was discovered by thérnold et al., 2012) aboard the European
Galileo-NIMS team (Carlson et al., 1991)Venus Express (VEX) mission is the first
and additional surface windows at 0.85 andrbital instrument that systematically
0.90 um were observed in Cassini-VIMSnvestigates the nightside emission of the
spectra (Baines et al., 2000). planet. VIRTIS provides for the first time a
detailed remote exploration of the lower
These windows provide information abouatmosphere and surface of Venus and opens
deep and lower atmosphere minor gagp new possibilities to study the minor gas
composition (1.10-2.3 um) at altitudesabundances on global scales. VIRTIS is a
between about 10 and 45 km as well as @momplex imaging spectrometer that combines
surface properties (0.85-1.18 pm). Minotwo optical subsystems in one compact
gases that have emission signatures withinstrument. The Mapper (M) subsystem is
one or more of the transparency windowdivided into the channels IR (1.0-5.1 um)
(H20, CO, OCS, S@ HCI, HF) may have a and VIS (0.3-1.1 um) that are dedicated to
non-negligible influence on atmospherispectral mapping at moderate spectral
radiative properties below the cloud basesampling (IR about 10 nm, VIS about 2 nm).
The investigation of their distribution The High resolution subsystem (H) is
variations with altitude and latitude is ardevoted to spectroscopy (spectral sampling
important prerequisite for sophisticatedf about 1.6 nm) in the spectral range grd
studies on Venus’ radiative energy balanc€Arnold et al., 2012).
chemical and transport models, and lower
atmosphere — surface interactions such &RTIS-M-IR data have been recently
buffering and possible volcanism. extensively used for self-consistent retrievals
of mesospheric temperature profiles (58-85
Early ground-based telescopic observationkm) and cloud structure between 48 and 75
radiative transfer modeling, andkm in the northern and southern hemisphere
spectroscopic analyses of minor gaef Venus (Haus et al., 2013; 2014). The 2.3
signatures were performed for example bym transparency window has been utilized in
Kamp et al. (1988), Kamp and Taylor (1990)the new retrieval procedures to calculate
Bézard et al. (1990), Crisp et al. (1989¢loud mode 3 particle abundances in the
1991), Carlson et al. (1991), Pollack et alower cloud deck at around 55 km. Measured
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spectra in the whole spectral range of thiseen currently adapted to the data. An error
window (2.2-2.5 um) are strongly influencedanalysis for minor gas abundance retrievals
by cloud opacity, but the signatures oft 2.3 um is given, and results fog® CO,
different spectral sub-ranges in the long9CS, and S@are shown in form of zonal
wavelength part (2.3-2.5 um) additionallyaverages. Maps of CO abundance and
depend on minor gas abundances. corresponding standard deviations are
visualized as functions of local time and
It is the goal of the present study to use tHatitude. The discussion section 5 compares
entire archive of VIRTIS-M-IR imaging datathe results with earlier findings and provides
for the southern nightside hemisphereontext and interpretation about atmospheric
sampled at long detector exposure timedynamical aspects.
(>3.3 s) during eight Venus solar days
between April 2006 and October 2008 for
simultaneous cloud opacity and minor gag. Data reduction and processing
abundance retrievals. A full 2.3 pm window
spectral modeling approach is applied. ThigIRTIS-M-IR data were collected between
was done before in a similar way by Tsang &pril 14th, 2006 and October 29th, 2008.
al. (2008), but the authors usedulian date difference corresponds to about
measurements from four orbits only. Anothe®30 Earth days, the so-called ‘mission
study by Tsang et al. (2009) was based onpariod’. Since a Venus solar day
band ratio technique (2.30/2.32 um) usingncompasses 116.75 Earth days, eight Venus
VIRTIS-M-IR data obtained during Venussolar days were covered by VIRTIS
Express operations between April 2006 antcheasurements. An elaborated data pre-
November 2007. Present investigations thymocessing pipeline was applied that includes
allow for comparing the results of differentrefinements of data calibration as well as new
approaches of data selection. In principlgpproaches for an effective straylight
VIRTIS-H spectra are better suited to deriveemoval (Kappel et al., 2012).
gas abundances due to the higher spectral
resolution of measurements, which iSince the northern hemisphere pushbroom
especially important for OCS and SOmeasurements provide only a sparse time and
retrievals near 2.45 pum. This waspace coverage, the present study focuses on
investigated by Marcq et al. (2008). On théhe southern hemisphere of Venus where
other hand, the spatial and temporal coveragpocenter mapping observations were
of M-IR data and the signal-to-noise ratigperformed. To ensure comparable statistical
especially at high latitudes are much bettaveights of data recorded at low and high
than for H data. Moreover, M-IR yields alatitudes, the measurements are sorted into
much broader spectral coverage down to Hdins according to a Lambert equal-area map
um, thus encompassing the threprojection such that each bin corresponds to a
transparency windows between 1.25 and 1.8@irface coverage of about 100x100%kifor
um as well as the three windows shortwardach bin, typically 30 spectra at each
of 1.2 um that are especially useful tepectrally resolved spatially two-dimensional
retrieve water vapor abundances near tlmmage were acquired by the instrument. The
surface and surface emissivity (Bézard et ahyerage over these concurrently measured
2009; Haus and Arnold, 2010). spectra is computed to achieve an increase of
the S/N ratio by a factor of about BNEO).
Section 2 describes the applied data selectidihe notations 'spectrum’' or 'measurement'
procedures. Section 3 provides informatioalways refer to one of these averaged
on prerequisites for minor gas abundang®inned) spectra in the following. The
retrievals with respect to initial temperatureapplied binning scheme yields aboutl(
minor gas, and cloud structure altitudgpectra over the full mission period.
profiles. Section 4 presents a short
description of the retrieval algorithm that has
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Generally, temporal and spatial variations adnd 1.02 um) are not detectable at daylight
atmospheric features for a definedtonditions, since multiple-scattering of solar
measurement time interval are sufficientlyadiation in the thick clouds exceeds thermal
characterized by grid spacingsAfT=0.5 h radiation by three to four orders of
in local time (LT) direction (corresponding tomagnitude. Thus, only nightside data at sun-
7.5 degrees subsolar longitude) andenith angles larger than 98° (to also exclude
ALAT=5° in latitude (LAT) direction. A twilight) can be used. Current simulation
subsequent procedure now selects only thoalgorithms are based on a plane-parallel
measurements that were recorded in tlemospheric model that is only justified for
vicinity of these grid points such that the LTsmall and moderate observation angjes

and LAT distances to a grid point do nott was shown by Haus et al. (2014) that a
exceed 0.1 h = 0:06 h and 1°, respectivelgomparatively small variation ofpps foOr
This choice of interval lengths is somewhabo,s>60° produces much larger radiance or
arbitrary, but it was used to avoid too stronfrightness  temperature  changes than
basic data smoothing between adjacent maiorresponding variations at smallegyps

grid points. Thus, the vicinity of the gridSpectra that were measured at observation
point (23:00 h, 55°) covers the intervalangles larger than 60° (mainly at equatorial
22:54-23:06 h in LT direction and 49-51° inlatitudes) are removed from the final
LAT direction for example. The LT interval application archive, therefore.

length of 0.2 h corresponds to 3° subsolar o v 7T T T T
longitude. The same local time and latitude

grid spacing technique was recently used for -2°
the retrieval of mesospheric temperature=-
altitude profiles in the southern hemisphereé'
of Venus (Haus et al., 2014).
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VIRTIS-M-IR  radiance spectra were

recorded at different detector exposure times [ 1 1oL b

ET. They vary between 0.02 and 18 seconds. *° * * = * ~ 0. m > % ° °
For the nightside, the majority of IongFigure 1. Post-selection spectra population indkal
exposure time (LET) data were recorded @ine and latitude space over the full mission pi66
3.3 s, while most of short exposure tim&IRTIS-M-IR. Local time -5h corresponds to 19:00 h.
(SET) data correspond to 0.36 s. LET

measurements are better suited to retrief@gure 1displays the distribution of spectra
atmospheric and  surface  parametet®at were recorded over the full VIRTIS-M-
shortward of 3 um, since the signal-to-noiskR mission period considering the data
ratio is higher than for short exposures. LETeduction steps discussed above. Dark areas
data terminate near 4 um (2500 Ynor at represent domains with large spectra
even shorter wavelengths due to detectgopulation. Local time -5 h for example
saturation from dark current. This is nostands for 5 hours before midnight, that is,
important for present 2.3 um transparency9:00 h. The numbers of spectra on the grid
window analyses that exclusively use LEPoints range from zero to 1878. The total
data. But when mesospheric temperatufimber is about 2:60°. The low spectrum
field investigations are intended, which ar@opulation near the pole (especially near the
based on 4.3 um GOabsorption band beginning and end of night) is due to the

measurements (Haus et al., 2013; 2014), teRBove mentioned data restriction to sun-
use of SET data is required. zenith angles larger than 98°, because on

Venus, polar regions are always close to a
There are two other arguments related t€rminator.
methodical aspects that further reduce the
number of usable radiance spectra. Lowdmhe lower atmosphere  minor gas
atmosphere and surface signatures (e.g. at 2gnposition is  retrieved from the
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atmospheric transparency window located gas abundances may not represent a
2.3 um where different spectral sub-range®alizable spectrum at all, but,®*" is an
between 2.3 and 2.5 um are particularlgctually measured spectrum representing an
sensitive to different species. The utilizedverage state of the atmosphere at. GP
algorithm of simultaneous cloud parameter
and minor gas abundance retrieval requir&me auxiliary spectra ;B are now
significant computing time. It is almostselected from the above defined sub-
impossible, therefore, to process hundreds pbpulations. They shall explore the data
thousands of individual spectra, andariability at different spectral sub-ranges
statistically reasonable spectra selectiongithin the 2.3 um window. They are placed
have to be performed in advance. Fcequidistantly in log R in the intervals
interpretation of corresponding results[Ry™*, Rx™] and [Rx™", Rx"**] where
retrieved parameters shall be averaged, aRg™® = Ry +265x, R = R " 267,
the corresponding standard deviations shalhd the wavelengthy is chosen close to the
be calculated. This can be done in variousdiance maximum near 2.29 um (see Figure
ways. One can apply a random selection of R). 19 auxiliary spectra are defined in each of
spectra at each grid point of the local timéhe two intervals excluding ;R™*" and
and latitude space. But statisticallyincluding R or Ry™". Corresponding
representative results are only obtained whesets of real spectra,®¥"" are subsequently
N is sufficiently large. Present investigationsletermined according to the procedure used
use another spectra pre-selection method tHat R,"*®" Naturally, they are no longer
has been described in detail by Haus et dbrced to fulfill the demand of equidistance.
(2014), and only a short summary is giveitt may occur that two or more of these
here. spectra become identical. This consistently
happens when a grid point in the local time
The first processing step calculates thand latitude space has a very sparse spectra
histogram of spectrum distribution for 5°population.
observation angle intervals at all grid points o) 001
of the local time and latitude space. LetyGP = o.10- Sbadespesrn | 0.0147
denote the k-th of these grid points. Only the?
interval for maximum spectrum populationéo'
(the prevailing observation geometry) isz 006
selected at each GRo avoid errors that may 8 ., J
arise from an averaging of spectra that werg | ‘
measured at very different observation® *%= 2\
angles. In the second step, an initial radiance o.og®——

. . 2.2 2.3 24 25092 23 2.4 .5
averaging is performed at each wavelerigth Wavelength [uim]

of the 2.3 um window (2.2-2.5 um, 4000%jgyre 2. Spectra sub-populations (thin background
4550 cnt). The resulting (artificial) radiance lines) at 2.3 um (" +2 5,) at 45°S (A) and 75°S
spectrum R"?"is used to calculate radianceB). Local time is midnight in both cases. Thickes
standard deviations,. The notations Rand represent the 39 measured spectra that are bagsicall
o, are synonyms for spectra JR(@and o()), selected for further processing. Solid circles: mea

spectra ™", solid triangles down and up: minimum

respectively. Sub-population fields are NOVKR, ™™y and maximum () spectra.

specified, which comprise all elements that

lie within +25;, from R™™ at each Two examples for the described selection
Wavelength (|.e. about 95% of the full datas%rocedure are depicted in Figuref@f the
assuming normal distribution). A real meawyrid points at 45°S / 00:00 h (display A) and
spectrum R™*" is additionally determined 75°5 / 00:00 h (display B) where 377 and
that is in the least-squares sense the closest &g pasic (artificial) spectra are available as
R, over the full investigated spectraliesylts of the +&, selection (thin lines). The

ean H . .
range. R™" as an average over non-lineahicker lines correspond to the real mean
functions of cloud optical depth and minor

1 0.012
ogr 0010~ Y
4 0.008 |/

0.006 )
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(R\™™) and the 38 auxiliary spectraabundances, and cloud mode particle
(RN described above. densities. These models are used to calculate
molecular and particulate absorption and
Radiances decrease with increasing clowgtattering coefficients at defined levels of a
opacity, but their spectral shape does nglane-parallel atmosphere and top-of-
change significantly as long as opacity is h@tmosphere radiance spectra considering
too large. But there were measuremermstrument specific parameters such as
situations where cloud opacity was extremelgpectral resolution. A C{bpacity correction,
large (>50, especially at polar latitudesshortly referred to as ‘continuum' in the
Figure 2B) and spectral signatures at 2.3 pfollowing, is an important additional input
became very small or even almosparameter. It has been determined by Kappel
disappeared. Note the different radiancet al. (2012) and Kappel (2014) applying a
scales in displays A and B. The retrieval ohew multi-spectrum retrieval algorithm
minor gas abundances has turned out to fdSR). MSR simultaneously utilizes
impossible in such a case (see Section 4.1npformation from thousands of spectra that
This is the reason why operational retrievadriginated from highly diverse physical and
calculations are finally performed using onlybservational conditions on the planet. In
the 20 individual spectra from the uppecontrast to locally varying atmospheric
spectrum set {"®", ..., R™} at each parameters such as cloud opacity and minor
grid point GR of the local time and latitude gas distribution, continuum absorption is a
space (one mean spectrum and 19 auxiliaparameter that is the same for all spectra and
spectra). Mean spectra,"®" describe an therefore separable as retrieval parameter that
average state of the atmosphere at,@Mile is common to all utilized spectra. Present
the selected 19 auxiliary spectra are used &malyses use spectrally variable opacity
explore typical parameter variations at thatorrection values (Kappel et al.,, 2012) that
grid point. In the ‘worst case’ when each gridlo not only differ for different atmospheric
point GR would be fully populated, this transparency windows, but also vary with
selection procedure would still require avavelength within a specific window. The
maximum of about 9,000 individual retrievalcorresponding spectrally averaged value for
runs (18 latitudes 0-85°S, 25 local times 18-he 2.3 pm window is 480° cm* amagat
h, 20 spectra) for a selected data acquisitighlaus et al.,, 2013). For comparison, a
time period. But this number is smallconstant value of 350° cm* amagaf was
compared with the total number of usablesed by Bézard et al. (1990), Pollack et al.
spectra (about 2:80°). (1993), Marcq et al. (2008), and Tsang et al.
(2008), while Tsang et al. (2009) used4D
 cm! amagat.
3. Prerequisites for minor gas abundance
retrieval
3.1 Temperature profiles
A radiative transfer simulation model (RTM)
is used to simulate observed VIRTIS-M-IRFigure 3 shows initial temperature altitude
radiance spectra in dependence qprofiles of Venus’ nightside atmosphere.
atmospheric parameters. It has beehhey are constructed from latitude-dependent
described in detail in previous publicationd/IRA-2 temperature profiles between 50 and
(Haus and Arnold, 2010; Haus et al., 20130 km (Zasova et al., 2006) and VIRA-1
2014). Present investigations exclusively uggrofiles (Seiff et al., 1985) between 0 and 40
the spectral range of the 2.3 um atmospheiken, which are latitude-independent below 32
transparency window where cloud opacitkm from the outset. Linear interpolations
and minor gas abundances are retrieved froeonnect VIRA-2 values at 50 km and VIRA-
Initial atmospheric models required for RTM1 values at 40 km, and linear interpolations
operation encompass altitude profiles ofire also used to an assumed latitude-
atmospheric  temperature, minor  gasdependent night time profile (‘N’) above
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90 km.The horizontal line at 58 km indicatespossible from currently used long exposure

the
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lower time (LET)-VIRTIS data.

temperature sounding level in the 4.3 um
CO, absorption band.
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Maximum response to lower atmosphere
temperature changes in the spectral range of
the 2.3 um transparency window occurs in
the altitude region below the main cloud deck
at about 27-35 km (Haus and Arnold, 2010).
Due to small differences of the 20° and 85°
temperature profiles at altitudes below 40
km, temperature induced radiance changes at
2.3 um are very small. The long-wavelength
shoulder shows a slightly higher response,
while radiances in the short-wavelength

Figure 3. VIRA-2N averaged temperature profiles foehoulder remain nearly unchanged. This was
different latitude ranges.

0.18
__ 016
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Latitude

also discussed before by Collard et al.
(1993). There are almost no spectral features
regarding differences of the two curves at
around 2.3um, and temperature and cloud

measurement data points between 2.2 and 2.3

;Zi;‘: 1 opacity influences cannot be separated,
€ 1k 1 therefore. This is another reason why
2 (0 | temperature profile retrieval is not possible at
go_%; 1 2.3 pum. Moreover, the small number of
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Figure 4. Simulated VIRTIS-M-IR radiance spectrdatitude-dependent
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pum (about ten) would not allow achieving
satisfactory altitude resolution of temperature
structure. This discussion clarifies that
VIRA-2N initial

for VIRA-2N temperature profiles at latitudes 20fda temperature models provide an adequate

85°.

input for lower atmosphere minor gas

: : : , distribution studies.
Figure 4displays RTM simulation results for

20°S and 85°S wusing the appropriate
temperature profiles from Figure 3 and minos 5 |nitial minor gas distribution
gas and cloud mode altitude distributions

according to the initial models describegtigure 5 shows initial minor gas altitude
below in Sections 3.2 and 3.3. The 4.3 UMistributions that essentially correspond to
CO_z absorption band sounds the altitudg,gse given by Tsang et al. (2008). The main
region of about 58-90 km where upper C|0U8aseous constituent GChas a vertically
(57-70 km) and overlying haze layers (70-9Yniform volume mixing ratio of 9.6%50°
km) are located. This band was receptly us%mv_ Water vapor (40) and sulfur dioxide
by Haus et al. (2013; 2014) to retrieve thgsQ,) are assumed to be uniformly mixed in
mesospheric  temperature  fields  fronhe |ower atmosphere below 50 km with
VIRTIS-M-IR  measurements. Radlance§,o|ume mixing ratios of 32.5 and 150 ppmv,
strongly respond to temperature changes jaspectively. Carbon monoxide (CO) and
this altitude range. Below 58 km,carhonyl sulfide (OCS) are modeled to have
temperature weighting functions bec_omg constant mixing ratio of 20 and 15 ppmv
very small and the temperature retrievghelow about 30 km. CO abundance increases
procedure tends to reproduce values given By apout 50 ppmv at 60 km, but OCS
the initial temperature model_. Recall thagpyundance quickly drops down to 0.05 ppmv
mesospheric temperature retrievals are ngf thjs altitude. CO enhancement at altitudes
above 70 km is due to the photolysis of LO
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by UV radiation above the cloud tops. Théd,O is best detectable at 2.42 um. It overlaps
hydrogen halides (HCI, HF) are assumed twith OCS and S© longward of 2.43 pum.
be uniformly mixed with mixing ratios of SO, will be difficult to retrieve from

500 and 5 ppbv, respectively. VIRTIS-M-IR measurements due to its very
80 T TT HH‘ T HIHH‘ 1T HH‘ T HHH‘ T T TTTTIT TTTTTI Weak band’ ItS narrow Spectral range around
70 [ - 2.47 pum (only two or three VIRTIS-M-IR
60— \ - measurement data points), and its overlap

T 50 ] - with OCS and HO. It is already difficult to
§4of . - recognize the impact of the 30% SO
£ 30 —o— co \ - abundance change in Figure 6A.
< 20— —— HF — 0.05‘”/‘\ “““ e 1.01 A B T T
—=— HCl I F A | GF-H20=1.3] | | {
10— —— 0OCS ‘[ ] ? 0.04 | |o-cFco =13 | 1.00kE—S— g -
0 L1 HH‘ 1 \HHH‘ L1 HH‘ 1 \HHH‘ HHH‘ Lo LI = : < GF-0CS=13 9 ,_/-x
10° 102 10t 10° 10t 107 10° 7 § 0.99 -
Mixing Ratio [ppmv] € o.03 1 o H

N y 5] =

Figure 5. Initial model of volume mixing ratios of 2. 18

minor constituents g 002 b | Soor- o GEHEO-105)

'-g 2 r -~ GF-0CS-105| 1
) L . g 0.01 W 7 oog- =
Present investigations of minor gas % L o
“““““ Lol i Lo
abundances focus on the lower atmosphere of o.ogs ™ 09s o 27 246 2.50

Venus below 45 km. This altitude domain is Wavelength [pm]

sounded by the 2.3 Hm Win_dOW- Its loNgFigure 6. Simulated VIRTIS-M-IR radiance spectra
wavelength shoulder yields information onA) and radiance ratios (B) at 2.3 um for differgas

H,O, CO, OCS, and SGabundances. Figureabundance factors GF. Horizontal lines in display B
6 displays RTM simulation results for gaéndicate the regions where the spectrum is semsitv
column abundance variations. A so-callef"°" 98S abundance changes.

gas faCtO( GF .mOd'f'eS. the .'n't"."“ 985 1 The effective altitude range of minor gas i
mixing ratio pr_oflle descr_lbed In Figure 5 atdistribution sounding can be derived from
all atmospheric levels, i.e., it changes th\(/avavelength-dependent weighting functions

total atmospheric column density of that gas, , ! .
The VIRA-2N temperature profile at 45° anc?N"" They are determined by changing the

the initial cloud mode distributions (Sectiongas mixing ratio @z)) of a single layer j at

3.3) are used. Figure BA shows radiancg 2" altitude jzby a defined amourdQi(z)
and calculating the top-of-atmosphere
spectra for the standard case where all gas

factors are unity (GE1.0) and for an radiance diff_erenc_e _quotien@?;JSQi V\.’ith .
increase of single gas. factors by Bo%espect to th|§ varllatlon for all layers j. Thls
(GF=1.3), while Figure 6B illustrates IS illustrated in_Figure 7where the mid-

rgdiance ratios RRR/Rj, for an increase of Ililigtljjrdee :;;IRQ%N tﬁzm?ri;?atlu riloﬂgm?n o(g];I
single 9as factors by 5% wherg Bnd Rare described in Section 3.3 are used fop, W
the racyances for GFLO and GF1.05, calculation. The grey background arrays of
respectively.

curves roughly encompass the gas specific

. sensitive wavelength ranges marked by the
It is important to note that the Short-horizontal lines in Figure 6B. The altitudes of

Yga\r/lilte?r%‘meitzléldg ' ?;iilhoer 2.28“;?311/:‘/1'3;?(\:,\//%“ peaks (as indicated by the z-column in
y 9 fhe small tables in each display) correspond

variations, while signatures of the whol .
i . 1o the altitudes where the measured top-of-
window strongly depend on cloud opacity : .
attmosphere radiances are most sensitive at

Changes (see_ Section 3.3). This 'S the Mo at wavelength to the respective gas mixing
crucial premise that enables minor gas

retrievals at 2.3 um. since cloud influencéatio' This is highlighted for some selected
= Hm, Wélvelengths by the thick curves in the figure

can be well separated. CO can be detect ‘
between 2.30 and 2.42 um, but signaturéﬁgat peak at altitudes between 34 and 43 km.

longward of 2.34 um are obscured byCH
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Retrieval results for CO and,8 gas factors At VIRTIS-M-IR resolution, the two species
will mostly reflect abundance changes atan neither be separated from each other nor
altitudes between 35 and 37 km (displays 7&om cloud influences. pO is the only minor
and 7B). OCS will be also retrieved at aroundas that may significantly modify radiances
35 km (display C), while possibly detectablén the 1.10 and 1.18 um windows (Bézard et
SO, changes are mainly valid for altitudesal., 2009; 2011). But together with the 1.02
41-43 km (display D). If, for example, aum signature, these windows may be
water vapor factor of 1.2 would be retrievedsignificantly influenced by surface emissivity
this would mean that the,B mixing ratio at changes. These are the reasons why no
35 km is 39 instead of 32.5 ppmv as given bgttempt is made in the present study to
the initial model in Figure 5. This does notetrieve water vapor from the 1.74, 1.18, and
necessarily mean, however, that the nearlO um windows.

surface mixing ratio is also as high as 39

ppmv.
3.3 Cloud mode patrticle distribution

Figure 8 illustrates the initial cloud mode
=] particle distribution with altitude proposed by
‘ ‘ ‘ 1 Haus et al. (2013). The usual assumption for
oo o004 008 o012 modeling purposes is that there are four
- particle size modes that consist of 75%
weight-percent 5O, aerosols (e.g. Pollack
1 etal., 1993; Zasova et al., 2007; Tsang et al.,
! : -~ 2008; Haus and Arnold, 2010; Haus et al.,

. | |
0.00 0.04 0.08 0.12 0.00 0.01 0.02 0.03 0.0¢
Weighting Function [mW / (fhsr um ppmv km)] 2013)

100y T T T T T T T
Unity COD at 71.3 km —o=— Mode 1

=—o= Mode 2
—e— Mode 2'

Altitude [km]

w
I I I |

a a
4050| 2.469 43

Figure 7. Minor gas abundance weighting functions W
in the 2.3 pm window (gray background lines) and 90
W'’s for selected wavelengths (thick solid lines).

—= 80

m

g ”
Pollack et al. (1993) have shown that a muck
better fit to the spectral region from 2.42 toZ
2.46 pm can be achieved when the OCS
mixing ratio is allowed to increase sharply
with decreasing altitude across the sensing i sising = sisig 2 issig 7 5 roap
region around 35 km. The authors were Particle Number Density [cf] and COD
unable to fit the measurements for angigure 8. Particle number density distribution
constant mixing ratio. No attempt was madtunctions of the initial cloud model (Haus et al.,
in the present study to retrieve a verticad013). COD: Cumulative cloud optical depth at 1 um.
gradient that differs from the initial OCS ) )
distribution (cf. Figure 5) where this steep' © calculate cloud absorption and scattering
gradient is already considered. cross-sectlor]s aqd resqltlng optical depths,
log-normal size distributions are used for all
the dedgur modes with modal radii of 0.3, 1.0, 1.4,

atmosphere may also affect signatures of thieb> KM and unitless dispersions of 1.56,
three transparency windows located at 1.74;29 1.23, 1.28, respectively (Pollack et al.,
1.18, and 1.10 um. The ,8 weighting 1993). An updated refractive index database
function maximum at 1.74 um occurs at of0r H,SO;, aerosols is utilized that is based on

km, while the two other windows sound theaboratory ~measurements performed by
altitude range at about 10 km®i retrieval Palmer and Williams (1975) and Carlson and

from these three windows is very difficult,Anderson (2011), see Haus et al. (2013). This

however. The 1.74 pm window peak idnitial cloud model yields a cumulative
influenced both by KO and HCI variations.

50

Opacity =35

H,O abundance changes in

optical depth (COD) of unity at 71.3 km and
9
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1 um. The altitude of unity optical depth igpossible in this situation. The slowly varying
usually denoted as ‘cloud top altitude’. Sincéne with crosses in Figure 9 reflects the
aerosol microphysical parameters arspectral dependence of cloud opacity for
functions of wavelength according to theilCF=1.0. The value of 35.0 (initial cloud
refractive index specifics, any optical deptlopacity) is attained at 2.276 (and 1.0) pm.
and cloud top altitude results have to be o T 20
referenced to wavelength (usually 1 pm). =, ==
The total initial model COD of the cloud ? —— 12
deck (opacity) is 35.0 at 1.0 um. This value<£ >

is also attained at a wavelength of 2.276 pmg o.os

that can serve as a proxy for the 1.0 pm values
within the 2.3 um window, therefore (cf. g
Figure 9). =

100

80

—— 2.0
—<— Opacity

Cloud Opacity

0.04

i ) | Tymbob—t it ~ i
. .. . .20 2.25 2.30 2.35 2.40 2.45 2.50
Cloud optical depth variations are modeled in Wavelength [uim]

present radiative transfer simulations b)‘figure 9. Simulated VIRTIS-M-IR radiance spectra at
variation of particle number densities. The.3 um for different total cloud factors CF. The
densities can be varied independently faighthand scale refers to the total cloud opaciy f
each cloud mode i by use of a so-called clodef=1.0-
mode factor MF but maintaining the altitude
distribution that is determined by the initial _
cloud model (Haus et al., 2012; 2013). Thi¢- Retrieval method and results
approach is well suited to fit measured )
radiance spectra over a broad spectral ran§B€ total cloud factor CF and minor gas
that includes two or more atmospheri€olumn  density  factors GF are
windows. Present investigations exclusivelgimultaneously retrieved from different parts
make use of the 2.3 pm window, and thef the 2.3 um Wlnd_ow by determination of
determination of a total cloud factor CF fof€ast-squares best fits for measured VIRTIS-
this window is sufficient. CF scales theM-IR radiance spectra using an iterative
particle number density profiles for all mode&!gorithm. The short-wavelength shoulder of
simultaneously The sensitivity of retrieved he 2.3 um window between 2.1 and 2.3 um
gas abundances to assumed initial clodd not influenced by minor gas abundance
parameters will be evaluated in Section 4.2, vVariations. It is used to retrieve CF. Minor
gas factors GFare then determined from the
Figure 9shows RTM simulation results forlong-wavelength shoulder of the window
different cloud factors CF between 0.8 anHSing the actual CF value. The gas factors
2.0. The VIRA-2N temperature profile at 45°modify the total atmospheric column density
and the initial minor gas altitude distribution®f H20, CO, OCS, and SO Gkeo s
are used. CF=1.5 generates a 2.29 um pedermined at first from the spectral range
radiance of about-20° W/(m? sr um) at 2-30-2.42 pm, followed by the Gio

VIRTIS-M-IR resolution that is close to the'etrieval at 2.34-2.44 pm. Since spectral
observed radiances, R R, ,{mean-3)"  fingerprints of the two species overlap (cf.

and Rd™"™ at 2.29 pm and 75°S (cf.Figure 6), additional iterations are performed.

Figure 2, display B). The notation (mean_N)ﬁatisfactory convergence is usually achieved
refers to the auxiliary spectrum number nafter three iteration steps. Using the retrieved
that has lower radiances than the medm© and CO abundances, &fs (2.42-2.47
spectrum " The peak radiance athm) and Gko2(2.45-2.49 um) are iteratively
CF=2.0 is about ‘&0 W/(m2 sr um). This determined in the following step. Due to very
value is close to the noise equivalent radian®¥@k SQ signatures, the accuracy of 50
of VIRTIS-M-IR data at this wavelength retrieval is quite low, however. The new

(and used detector exposure time) befoRArameters are eventually used to calculate
binning. Minor gas abundance retrieval is not

| ‘ | ‘ | ‘ | ‘ | ‘ |
(=] [e2]
o

10
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the radiance spectrum between 2.2 and 2eStablish a lower limit of utilizable VIRTIS-
pum in order to verify the quality of the fit. ~ M-IR data, therefore. Tsang et al. (2009)
have determined a lower radiance value of 20

_ _ mW/(m? sr pum) from their band ratio

4.1 Cloud factor influence on retrieved gas technique, i.e. by a factor of four larger
abundances radiances. Present retrieval results thus

indicate that a larger number of

Measured radiances in the 2.3 um windoy,easyrements can be used to investigate

are very small when cloud opacity iSygnospheric CO and#@ variability.
extremely large, and it can be expected thats— —_—

. - LA 45 CF‘—A\‘/:O‘%‘Q [ B 45°s‘ ‘CL—A‘\/:O‘%‘;
minor gas abundance retrievals becomé?: 1 F
impossible beyond a certain opacity Ievel.(l).gﬁjfﬁlﬁ-%ﬁ"‘”"f B TR
This is illustrated in_Figures 10 and .11 os- e
Figure 10 shows retrieved midnight gasgp0 .1
abundances as functions of retrieved cloudic ™ ws  ain
factors at 45°S and 10°S, while Figure 1117  wser..tor 0 . .
visualizes the corresponding results for 60°S2- eyial® LTS T

. . .60 . & [
and 75°S. Depicted scatter points result froma- “—, Fo L ke
39 retrievals (one mean and 38 auxiliaryo'%.s 0.8 1.0 1.2 1.4 16 1.8 2006 0.8 1.0 1.2 1.4
spectra, cf. Section 2) in each case. Mid Cloud Factor CF

: : igure 10. Influence of the total cloud factor Ck o
latitudes are usually covered by thmnel'; trieved gas factors. Displays A and B: Latitude

. LI
clouds compared with polar and equato“af'?s, local time 00:00 h, displays C and D: Latiud
latitudes (Haus et al.,, 2013; 2014). Theoes, local time 00:00 h. CF-AV is the average dlou
retrieved cloud factors CF at 45, 10, 60, anfdctor.
75°S are 0.93 (0.77, 1.32), 1.13 (0.89, 1.99); 037 s Fada] [T s eahn]
1.03 (0.88, 1.36), and 1.46 (123, 1.88)12 a¥... 1 ]
respectively. Leading values refer to theos; S Jub & e o]
mean spectrum R°", values in parentheses g5 ] |
yield CF values for the spectra,"® and 34—~

Gas Factor GF

M
1.6 1.8 2.0

Gas Factor GF

R, Gas factors Gko and Gko at mid ~ *4° J:.-z. a T
latitudes (Figure 10A) are obviously not!% '*-.'.-vt:-":'*.:: 5 socs| |
correlated with the cloud factor. GEs and  os i I Bhs,

GFsop sharply decrease for CF>1.2 (FIQUISog. .t e o0 6o o 1 24 6 16 20
10B) and quickly reach a value of 0.4 that =~~~ " cioudfFacorce
was arbitrarily fixed as the lower allowedrigure 11. Same as Figure 10, but for 60°S (display
boundary for all gas factor retrieval resultsA and B) and 75°S (displays C and D).

They also show a slight decrease between

CF=1.0 and CF=1.2. At 10°S, GfIo and In summary, it is concluded here thatH
GFco remain quite independent on CFRand CO abundance retrievals can be
(Figure 10C), while Gfcs and Gko, again performed using all spectra that were
sharply decrease for CF>1.2 (Figure 10D)neasured for cloud factors below 1.5.
Results for 60°S (Figures 11A and B) behawseglecting variations of cloud top altitude
similar to 45°S. Polar latitudes (75°S as aand cloud mode particle distributions in the
example here where CF is everywhere larggpper cloudg¢modes 1 and 2) with latitude as
than 1.2) show largely uniform Gk and retrieved by Haus et al. (2014), this would
GFco distribution with cloud factor (no roughly correspond to 2.276 or 1.0 um cloud
correlation) up to CF=1.5 or even 1.6 (Figurepacities lower than 52. OCS and;56n the
11C), but very doubtful results for GEsand other hand, cannot be retrieved for cloud
GFso2 (Figure 11D). According to Figure 9,factors larger than 1.2 (2.276 or 1.0 pm
CF=1.5 produces a 2.29 um peak radiance @pacity 42) where the measurement signals
about 5 mW/(rh sr pm). Measured 2.29-2.30become too small. These restrictions justify
um radiances of 5 mW/@rsr um) seem to the statement in Section 2 with respect to

11
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Figure 2 that operational retrievals are onlgroperties are well known for a given
performed using 20 individual spectra at eaameasurement. A few parameters can be
grid point of the local time and latitude spaceetrieved by fitting a simulated to a measured
that lie in the set {R"",..., R™}, i.e. spectrum. The parameters utilized for the
most cases with very high cloud opacity arsimulation of the best fit are interpreted to
excluded from the outset. When retrieved Céescribe the ‘true’ physical state of the
values for the remaining spectra exceed 1.2tmosphere that led to the actually measured
determined Ggcs and Gko, values are spectrum. Other parameters that have an
discarded and not further used for averagirgither small impact on the simulated
purposes. The same holds true foryggfand spectrum or that have a very unspecific
GFcoin cases of CF>1.5. spectral signature cannot be retrieved from
the measurement. However, they must be set
Very good fits of measured spectra ar®d certain values in order to compute the
achieved when the cloud opacity at 2.27 pmsynthetic radiances at all. Deviations of these
is not larger than 50. This is shown_in Figurassumed values from their true states can
12 for four latitudes at LT=00:00h. The mearead to errors in the simulated spectrum and
spectrum K™ is used in each casethus to errors in the retrieved parameters.
Display B also contains the measured
spectrum "™ at 75°S. It is multiplied by a Based on recently developed error analysis
factor of 10 for better representation. It igprocedures that characterize the accuracy of
obvious that these small and noisy radiancestrieved surface parameters from VIRTIS-
are not suitable to retrieve atmospherid-IR measurements (Kappel et al., 2014), a
parameters. detailed investigation of gas factor errors in
€9 e = el 1 dependence on some interfering atmospheric
parameters is performed. To estimate their
impact on retrieved gas factors, a fixed
synthetic spectrum is computed from a set of
parameter values that are regarded as 'true’
for this spectrum. One of the interfering
parameters is then set to a value that differs
from its true value, and the gas factors, along
with CF, are retrieved from the synthetic
Wavelength [um] ' ~ reference spectrum while using this wrong
Figure 12. Comparison of averaged VIRTIS-M-IRVa@lue. Retrieved and corresponding true
measurements and simulation results for four la¢itu values are compared. Strong deviations
and local time 00:00 h. indicate larger retrieval uncertainties of gas
factors due to uncertainties in the interfering
Tsang et al. (2010) found some indicationsarameter. This procedure is repeated for a
for a possible correlation between clouderies of wrong values for this interfering
opacity and sub-cloud water vapoharameter that covers its physically expected
abundance. Excluding spectra where the totglnge, represented by the parameter specific
cloud opacity exceeds 52 (@b > 1.5) as interval [t-Z, t+26] centered around a true

discussed above, present investigations galue t with a double standard deviatian 2
not confirm that HO gas factors are

correlated with the cloud factor. A possibleThe retrieval errors, i.e. the maximum
explanation of observed Gfo variation with  percentual deviations of the retrieved from
latitude is discussed later on in Section 5.1.3he true values, are shown in Tablgot a
number of interfering parameters. The
leftmost column provides a description of the
respective interfering parameter. The column
It is a general problem in atmospheric remotdrue value' lists for each of these parameters
sensing that not all required atmospheriés ‘true’ value that has been used to generate

12
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the reference spectrum, and the next colunfar increasing CF as expected. Sometimes,
'20' states its assumed uncertainty. Thethis is not the case, but this only happens,
follow four blocks of columns that arewhen the quality of the fit is too low (sum of
divided into always three sub-columns. Eackuclidean norm of difference between
of these column blocks shows the retrievakference spectrum and fit, divided by
errors for one of the studied minor gase&uclidean norm of reference spectrum above
rounded to the nearest whole percent. TI8%0) for a certain sub-range of the interfering
three sub-columns for each gas represent tharameter and the corresponding results are
retrieval errors, when the total cloud factodiscarded.

CF corresponds to 1.0, 1.25, or 1.5,

respectively. In general, the errors increase

Table 1. Percentual retrieval errors of minor gaecees due to ac?variation of atmospheric model parameters.
MF;: Mode factor of cloud mode i; GCB/CGC: Top/Base/Center altitude of constant peak partrcimber
density of cloud mode i according to Figure gfemporally varying parameterstotal expected errors of
temporally varying parameters (all except continjassuming statistical independence. The threecelibnns

in the minor gas columns correspond to the totalaifactor 1.0, 1.25, and 1.50, respectively.

Parameter True value o¢2 H,O (6{0) OCSs SO

MF, 1 025 1 o o0 0 O 1 0 0 0 3
MF, 1 025 1 o 0 1 0 3 16 3 20 92
MF» 1 025 3 5 o 1 1 2 4 5 2 2 1
MFs 1 025, 9 11 10 1 1 1 5 3 6 2 16 48
CT» 60km 3km| 1 2 4 0 1 1 3 8 22 10 29 100
CTs 57km 3km| 2 3 4/ 1 2 2 15 25 32 56 11185
CBi23 49km 3km| 3 5 7| 2 3 4 26 48 56 73 1739
cG, 655km 3kml O O 1 0 O O O 1 3 1 3 12
s 80%  75% 28 36 45 3 4 5 26 37 50 28 38 56
ﬁfgﬁigné’#g 121 30| 4 5 5 3 2 2 3 31 33 27 32 41

<Temporally varying parameters> 30 39 47 4 6 7 486 86| 97 212347

The first six rows are self explaining. It shalshown in the second last row. The temporally
be noted that CB: 3 simultaneously varying parameters (all studied interfering
parameterizes the base altitudes of thgarameters except continuum) are assumed to
constant peak particle number density dfe statistically independent, and the last row
cloud modes 1, 2', and 3. Variations of £Cshows the quadratically added temporally
describe an altitude shift of the cloud mode ®arying errors of each column.

altitude profile. The K5O, concentration of

the cloud droplets is assumed to be 75%, bt addition to the results shown in the table,
variations are studied in the interval [80%f# was found that a Glr uncertainty of 25%
7.5%, 80%+7.5%], since a 75-85 weight-%around its true value 1.0 leads to marginal
solution was recently confirmed to represenetrieval errors (one percentage point at
the most probable chemical aerosahost), as do Cvariations of 3 km around
composition in the lower mesosphere &5 km and reasonable initial value
around 60 km (Haus et al., 2013). For theodifications €25% around their true
present retrieval error analysis, thevalues) for the retrieved minor gases. It was
continuum is assumed to have a constaalso tested that at CF=1.0, an observation
value within the 2.3 pm window, and resultangle of 60° leads to retrieval errors that are
for variations of this value up to 25% are  only marginally different from nadir errors,

13
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and an increase of GEfrom 1.0 to 1.5 has abundance retrieval is not possible even at
almost no influence on the retrieval errordow cloud opacity.
However, an increase of @fo from 1.0 to
1.5 leads to 20% smaller,8 errors and 10% The determined retrieval errors are, on the
larger errors for the other gases. If the fullone hand, possibly underestimated, since not
width-at-half-maximum of the instrumentalevery thinkable interfering parameter can be
response function were 10 nm and not 17 nmetudied here. Also, measurement and
the SQ errors would be 10-20% smaller, anatalibration errors can contribute further
the other gases' errors were almogtrrors. On the other hand, not each parameter
unaffected. is expected to vary over the full respective
studied range, leading to a possible
To estimate retrieval errors that are due toverestimation of the retrieval errors. Also,
random measurement errors, Gaussian noistile some uncertainties of the interfering
with a (realistic) standard deviation of 10 parameters probably have a more random
W/(m® sr um) is added to the syntheticharacter, others are possibly systematic and
reference spectrum. The described procedumeay lead to systematic retrieval errors that
to estimate retrieval errors is repeated 100ould not be obvious in scatterplots such as
times with different realizations of thethose shown in Figures 13 and 14. When
Gaussian measurement noise. For a fixembnal averages of retrieved parameters are
interfering parameter, the correspondingalculated (Section 4.3), it can be expected
retrieval errors are averaged over the 1G@at the resulting retrieval errors become
noise repetitions, and standard deviations asenaller than those representing maximum
computed. The maximum percentuapercentual deviations of the retrieved from
deviations of these averages from the trube true values as given in Table 1. However,
values define the ‘noisy’ retrieval errors. Fothese retrieval errors well indicate general
CF=1.0, they differ only marginally from thetrends. Only CO can be reliably retrieved,
‘noiseless’ retrieval errors shown in thewvhereas S@cannot be retrieved at all from
CF=1.0 columns in the table. This noise teMIRTIS-M-IR measurements. 4@ and OCS
requires significant computer resources, singesults have to be cautiously interpreted.
the entire procedure to determine the
retrieval errors has to be repeated 100 timds.should be mentioned here that spectrally
Therefore, it is only performed for thevariable opacity correction (‘continuum’)
CF=1.0 case. The double standard deviationalues, which are used in the present study,
over the noise repetitions are almosthange the individual gas factor retrieval
independent of the choice of the interferingesults more or less compared with the case
parameters and amount fop®ito 1% of its where a constant continuum parameter is
true gas factor at CF=1.0. For CO thigonsidered (cf. Section 3). Maximum gas
expected retrieval error due to measuremefactor differences occur for OCS where the
noise is 1%, for OCS 4%, and for 50%.  constant parameter (being usually larger than
the variable one in the OCS spectral range,
This retrieval error analysis reveals that COf. Kappel et al. (2012), Fig. 11) yields up to
abundances can be retrieved with high5% higher gas factors. Observed latitudinal
confidence even at large cloud opacities. Theends for all considered gases remain
H.O abundance is the second most reliablenchanged, however. It is supposed that the
parameter, and the dominating error source use of spectrally variable continuum values
the uncertainty of the %0, concentration of that were determined from thousands of
the cloud droplets. OCS abundance errors apectra originating from highly diverse
dominated by uncertainties of the clougbhysical and observational conditions on the
altitude profile and the $$0, concentration. planet and the corresponding retrieval results
It is obvious that the errors are smallest faare more reliable.
lowest cloud opacities. A reliable $O
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4.3 Zonal averages of retrieved factors MF and cloud top altitudes; zvere
parameters retrieved from different parts of infrared

spectra in the former investigations, while the
Zonal averages of retrieved parameters apeesent study exclusively determines total
calculated by local time averaging over theloud factors CF from the 2.3 pm window.
night time interval [19:00 h, 05:00 h] andThis is sufficient for the main purpose of this
considering all post-selection spectrd"®" paper, the retrieval of minor gas abundances
at the local time and latitude grid points ovein the lower atmosphere. But variation of
the full mission period as described ircloud top altitude with latitude is neglected
Section 2. The corresponding standardere. In other words, the initial cloud mode
deviations of retrieved parameters are particle distribution with altitude proposed by
measure of the statistical bandwidth oHaus et al. (2013) is utilized at all latitudes
selected spectra sub-populations (20 at eaahd local times and then modified by
grid point) and not the standard deviatiometrieved total cloud factors. The south-
resulting from the entire measuremenbhemispheric average of cloud opacity as
ensemble. These standard deviations mustrieved from present analyses is 35.5
not be confused with possible retrieval errorsompared with the value of 36.5 reported by
discussed in Section 4.2. Haus et al. (2014).

A A R R

Figure 13 shows the zonal averages of ,,~
retrieved total cloud factor CF as a functiony |
of latitude (thick solid line). The two thin s
lines represent the zonal averages of &+ ¢ 1o
where oce is the cloud factor standard 3
deviation. Single spectrum retrieval results®
are described by the scatter points. The
spectrum population northward of -40°S  oq 1 L1 L 1 -

. e .. -70 -60 -50 -40 -30 -20 10
seems to be significantly sparser, but this is Latitude [

only due to representation, since many scattéfre 13. zonal averages of retrieved total cloud
points often lie at exactly the same latitude@ctor CF (thick line) with added and subtracted
within the +1° selection range (cf. Section 2§tandard deviation (thin lines) as functions oitlale.

as a result of the used equal-area data binniﬁgatter points: Single spectrum retrieval results.
scheme. Aspect ratio variations of the datiues referto 1.0 and 2.276 um.

bin edges over the entire sphere should ?fl ure_14 displays zonal averages of gas

small. Thus, while in higher latitude region
Lambert azimuthal North/South  Polg@ctors Ghrzo, GFeo, GFocs and Ghoz as.
functions of latitude. The two thin lines in

rojections are preferred, Lambert cylindrical
projections are preferred, Lambert cylindrica ach plot represent the zonal averages of

projection (standard parallel 30°) is used i i
low latitude regions equatorward of 38.68°, Fiocr Whereogr IS the gas factor standard

This is the latitude where the aspect ratios gpwatlon. As_ln case of Figure 13’. single
both projections become equal. Spectrum retrieval results are described by

the scatter points. Their apparent distribution
nsity change with latitude is explained by
e same argument. Recall that individual

Cloud Factor CF

0.6

There is a strong latitude dependence of tﬁj

cloud factor that leads to much higher clou h o
pectrum retrieval errors may be significantly

opacities at polar latitudes compared wit . . o TS .
low and mid latitudes. Minimum opacity arger according to the discussion in Section
45.2 with respect to Table 1.

occurs between 40 and 55°S. This wa

discussed in more detail by Haus et al. (2013,
2014). Although qualitative results ar onal averages of water vapor abundances

similar with respect to former analyses(Figure 14A) exhibit a small decrease from

uantitative details are slightly different. ThigOW latitudes to the South Pole. @6
icé due to the fact that gingle cloud mo0|8hanges from about 1.02 to 0.92. The initial
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factor 1.0 is observed in mid latitudeghis may also be a consequence of retrieval
between 35 and 45°S. The standard deviati@enrors due to the increasing cloud factor.
on2o Increases with increasing equatoRecall from the discussion in Section 4.1 that
distance from 0.03 to 0.07. This can bé& may become difficult to retrieve OCS even
explained by larger real variations op®iat at cloud factors larger than 1.0 (cf. Figure
polar latitudes. Thus, the latitudinal trend.1B). The standard deviatiostcs at most
may become smaller or larger for individualatitudes is higher than forJ@ and CO and
measurements. Increased potapo values may reach 0.11. The observed latitude trend
arealso due to the presence of thicker cloudsas a lower confidence, therefore. Note that
that cause larger retrieval errors. retrieved gas factors for mean radiance
LA T T T e T T 51 spectra B™® always stay below the initial

1 value of 1.0. Although the depicted OCS
L - 7775 == latitude trend was reported by previous

| 7
0.6] 12F 1 investigators (see Section 5), it cannot be
e ——— . —— ruled out that it is generated by large retrieval
12 © ocs § 4 errors due to uncertainties of the cloud

altitude profile and the 50, concentration
of the cloud droplets.

P O A S (O E S SR R SR |

0.4 . : : ’
0TI E0 R0 e #0040 The latitudinal trend of zonal averages of

Figure 14. Zonal averages of retrieved gas facgses Sulfur dioxide abundances (Figure 14D)
(thick lines) with added and subtracted standargeems to be similar to that of OCS. AdgF
deviation (thin lines) as functions of latitude.aBer maximum is found at 30°S (1.16) and the
points: Single spectrum retrieval results. minimum (0.71) seems to occur at 70°S
_(higher latitude values cannot be retrieved).
Zonal —averages of carbon monoxidehis would correspond to a $@ecrease of
abundances (Figure 14B) slowly increasggo,. The initial factor 1.0 is reached at 10°S
from low to mid latitudes. Gdo changes ang near 55°Sssopis largest at low latitudes
from 0.87 at 10°S to 0.97 near 50°Sgng attains values up to 0.21. These large
Poleward of 50°S, there is a stronger increageangard deviations and uncertainties due to
up to 1.18 at 65-70°S followed by a moderatgiher possible parameter influences (such as
decrease down to 1.12 at 80°S. The initighoyq opacity) strongly reduce confidence in
factor 1.0 is observed at mid latitudes neg reg |atitudinal trend of SGibundances. In
55°S. oco increases from 0.03 near theyqgition, SQ@ retrieval from VIRTIS-M-IR
equator to 0.09 poleward of 60°S. Althougrg,pectra are adventurous from the very
Iarger standard deviations occur at higBeginning due to the very weak and narrow
latitudes, the observed equator-to-pole 9agectral signature at around 2.47 pm and due
factor increase is a real feature with highy jig overlap with those of OCS and® As
confidence. This was pre\(iously reported by consequence, all SQetrieval results are
many observers (see Section 5.1.1). discarded at this point from further

~discussions.
Zonal averages of carbonyl sulfide
abundances (Figure 14C) show an opposif§gure 15shows the zonal averages of gas
trend compared with CO. GEs slightly yolume mixing ratios @o, Qco, and Qcsas
increases from 0.81 at 10°S to 0.94 near 20y®|| as standard deviation @L-dispersion)
and then decreases poleward of 20°S downg@s as functions of latitude. According to

0.62 at 70°S. The gas factor and standafdgyre 7, these values are primarily valid at
deviation ~ poleward ~ of  70°S  areqtitydes around 35 km. The initial volume
undetermined, since reliable retrievals are NAlixing ratios are indicated by broken lines
possible here due to cloud factors larger thafth the values typed above these lines (cf.
1.2 (cf. Figures 11D and 13). The strongegiigyre 5). The curves in the figure are
decline is observed between 55 and 65°S, byiisined by multiplying the initial mixing
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ratios at the reference altitude by theonsequence of observed latitudinal trends of
retrieved gas factors from Figure 14. Notgas factors. The retrieved gas factors and
that the OCS mixing ratio is multiplied by amixing ratios for OCS, on the other hand,
factor of 10. Recall also again the higlsuggest that the initial tropospheric mixing
uncertainty of OCS results poleward of 70°%atio model postulates too high abundances at
or already 60°S. The corresponding valudsast near 35 km where the OCS gas factors
for the hemispheric averages of mixing ratioare primarily valid.
and mixing ratio standard deviations are
given on the right of the box. HemispheriZonal averages of # volume mixing ratios
averages are calculated by weighting thdightly decrease from about (33 = 1) ppmv
latitude-dependent values with the cosine afear the equator down to (30 £ 2.5) ppmv at
latitude. polar latitudes. But this 10% decrease has not
o v L T —1 a high confidence due to much higher
2, S IR SRS S standard deviations at polar latitudes. Zonal
Syt averages of CO mixing ratios increase from
(22.9 £ 0.8) ppmv at 10°S to (31.1 = 2.1)
4 ppmv at 65-70°S. This corresponds to an

26.3 -

26
24
22
20
18
16
14
12

—e— H20 325+13

—=— CO 25.0+1.0 emisp
—¥— 0CSx10| 1.50%0.12

prees - abundance change of 35%. Even in the worst
i case within the standard deviation margins
this would still result in an increase by about
10 22% indicating that the polar enhancement is
o e 7 areal feature. There is an apparent reversal
Figure 15. Zonal averages of retrieved gas volunff this trend poleward of 70°S leading to a
mixing ratios as functions of latitude. See text fomixing ratio of (29.4 = 2.4) ppmv at 80°S.
further comments. Zonal averages of OCS mixing ratios slowly
decrease from an average value of (1.6 £ 0.2)
No attempt was made in the present study gpmv at low latitudes to (1.5 + 0.13) ppmv at
retrieve vertical gradients that differ from thes5°S, but then quickly fall down to (1.15 *
initial mixing ratio altitude profiles. The 0.2) ppmv at 65°S. If the 65° value was
retrieved zonal average OCS volume mixingeliable, this would correspond to an overall
ratio at 45°S and 35 km is 1.53 ppmv, foabundance decline of 28%. But due to the
example. Since the ratio of initial OCScomparatively large standard deviations and
values at 35 and 33 km is about 1.7fhe above mentioned difficulties at high
according to Figure 5, the correspondingtitudes, this percentual estimate has a quite
retrieved value at 33 km is about 2.62 ppmVYew confidence. Note that the retrieved OCS
Note however, that this altitude conversion ifnixing ratio even at low and mid latitudes is
the sense of a retrieval result is only valid ipelow the initial value of 1.75 ppmv.
the vicinity of weighting function maxima,
that is, in case of OCS and according to
Figure 7C in the altitude range of about 324.4 |ocal time dependence of gas
40 km. There is no new retrieval informatiorsbundances
on OCS volume mixing ratios available at 20
and 60 km, respectively. The local time dependence of CO, OCS, and
H,O abundances has been investigated using
Figure 15 and the values for hemispherithe mean spectrum,®*" at each grid point
averages indicate that the retrievedf the local time and latitude space and
abundances of #0 and CO quite well verify calculating the corresponding abundance
the latitude-independent initial abundancetandard deviations;. Recall thats; is a
distribution models for tropospheric altitudesneasure of the statistical bandwidth of the
(cf. Figure 5) at mid latitudes between abowpectra sub-populations that are selected for
35 and 55°S. Smaller or larger values usualtyie retrieval runs.
occur at low and high latitudes. This is the

Gas Volume Mixing Ratio [ppmv]
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Figure 16 illustrates the local time and5. Discussion
latitude dependence of retrieved CO volumg.1 Comparison with earlier
mixing ratios (display A) and corresponding spectroscopic investigations
standard deviations (display B) at 35 kn®.1.1Carbon monoxide
altitude. Note that depicted standard
deviations refer to real gas concentrationdsing NIMS/Galileo measurements in the
and not to gas factors as shown in Figure 1dorthern hemisphere of Venus, Collard et al.
The CO abundance at all latitudes varigd993) were the first who reported on a CO
weakly with local time. Slightly higher enrichment at polar latitudes by about 35%
abundances (up to 2 ppm (7%) differencejompared with low and mid latitudes. Based
are observed in the first half of nighton the analyses of one selected VEX orbit
especially near 65°S. Standard deviatioriesertion observation performed by VIRTIS-
oco are smaller equatorward of 50°S than #-IR, Tsang et al. (2008) retrieved zonal
higher latitudes where maximum values ofiverage CO mixing ratios at 35 km altitude
2.4-2.5 ppm occur before midnight at 60ef (23 + 2) ppmv at equatorial latitudes and
65°S and 80°S. Compared with meaf32 £ 2) ppmv near 60°S. This corresponds
abundance changes,oco values are to an increase by 40%. Their results also
unfortunately in the same order ofsuggest an overturning in the CO gradient
magnitude. This has to be kept in mind whepast 60°S with an approximate value of 28
discussing possible trends with local time. Ippm at 80°S. Tsang et al. (2009) analyzed
accordance with Figures 14B and 15, COIRTIS-M-IR images from the first 18
abundances attain maximum values betwee@months of operation in both hemispheres and
65 and 70°S at all local times, thus differingetrieved zonal averages of CO mixing ratios
by about 8-9 ppm (up to 39%) fromat 35 km altitude of (22 £ 3) ppmv near the
equatorial latitudes. equator and a maximum value of (32 + 3)
ppmv at 65°S. A local minimum (~20 ppmv)
was observed near 50°S, however. In
addition, the authors reported on some
observations where the equator-to-pole CO
gradient was almost absent. Marcq et al.
= P (2008) had analyzed a number of selected
-60 ﬁ\i&ﬁ VIRTIS-H measurements (44 orbits) on both
Tl | [ me s Q; hemispheres up to 60° latitude performed
ol e | [ FASses = | during about 300 Earth days in the early
54321012345 54321012345 phase of the experiment. They determined
Local Time [n] CO at 36 km with a mixing ratio varying

Figure 16. Retrieved CO mixing ratios (A) and + +
corresponding standard deviations (B) as functimins ferglrpattz)ft(; 500?2;80/31 * 2 ppm from the

local time and latitude. Values are given in ppmv.
Local time -5 h corresponds to 19:00 h.
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Present retrievals utilize all available
Observed abundance changes of the othélRTIS-M-IR long detector exposure time
minor gases with local time exhibit similar(LET) measurements recorded over the full
difficulties. Standard deviations for,8 and mMission period of 930 Earth days (1424
OCS at many grid points are sometimes evé&pectral images) applying a statistical
larger by a factor of 1.5-2.0 compared witlgxploration. Zonal averages of mixing ratios
mean abundance changes. Retrieved lodl (22.9 = 0.8) ppmv at 10°S, (28.5 + 2.1)
time abundance variations of thes@pmv at 60°S, (31.0 £ 2.1) ppmv at 65°S,
constituents are not significant, therefore, ar@nd (29.4 = 2.4) ppmv at 80°S are

the corresponding plots are not shown here.determined at 35 km altitude corresponding
to a CO increase from 10°S to 65°S of 35%.

There is a reversal of this trend poleward of
70°S. Note that the * figures refer to the
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statistical variability of retrieved abundancesopacities. The percentual error due to
The retrieved mixing ratios and theitemporally reasonably varying atmospheric
percentual variation agree very well withmodel parameters at moderate cloud cover
previous findings. In contrast to Tsang et a{CF=1.0) does not exceed 4%.
(2008), the CO abundance maximum is
observed at 65°S instead of 60°S, and theble 2 summarizes retrieved carbon
70°S value is only slightly smaller. But themonoxide volume mixing ratios in the
authors have pointed out that retrievals frorsouthern hemisphere at 35 km altitude as
two other (nominal orbit) observationsobtained by Tsang et al. (2008; 2009), Marcq
showed this maximum to have a steady valwet al. (2008), and Haus et al. (this work). It
between 60 and 70°S with a slight decreastearly demonstrates that present CO
past 70°S. This is just what is obtained in theetrieval results very well agree with
present work and what is also in agreemeptevious findings. The conversion of
with averaged results of Tsang et al. (2009percentual CO retrieval errors due to the
Any temporary absence of the equator-tosariation of atmospheric model parameters
pole CO increase reported in that paper is nfitharacterized in the last row of Table 1) into
detected here, but this may be due to tlabsolute ppmv values (see Figure 13 for
applied method of statistical exploration otloud factor reference) indicates that these
the entire data archive. Retrieval results adrrors are usually close to or smaller than the
Marcq et al.(2008) do not include latitudestatistical variability of retrieved abundances.
poleward of 60°. This means that the retrieved statistical
variability is a good measure of real CO
The retrieval error analysis performed irabundance variations.
Section 4.2 reveals that CO can be retrieved
with high confidence even at large cloud

Table 2. Retrieved carbon monoxide volume mixirtgpsa(ppmv) in the southern hemisphere of Venugbatm
altitude.

Tsanget Tsanget Marcqetal., Haus et al.,
al., 2008 al., 2009 2008 this work)
Minimum at low latitudes (0-20°) 23+ 2 22 43 23 +3 2%;9015()).8
Maximum at high latitudes (60-65°) 32492 32 +3 30 + 2 31(.2 g é)l
Polar Latitudes (~80°) o8 i i 294+24
(£ 1.0)

a) Calculated from 36 km values by use of vertinading ratio gradient shown in Figure 5.

b) Values in parentheses in the last column areutsted from percentual CO retrieval errors dueh®
variation of atmospheric model parameters givethélast row of Table 1 (see also Figure 13 foudléactor
reference)Note that (compared with Table 1) the-lalues are shown here.

The distribution of CO abundance andource occurs. Studies by Irvin et al. (2008)
standard deviation with local time anchave indicated enhanced CO at mesospheric
latitude (Figure 16) shows three additionadltitudes at the evening terminator compared
features. They were first mentioned by Tsangith the morning terminator. This is what
et al. (2008) and are now verified by usingne should expect, since there is no
the full VIRTIS-M-IR archive. photolysis during night time. But the

downwelling of CO rich air continues
First, the CO abundance seems to be highevernight and may lead to smaller CO
by up to 2 ppmv (7%) on the dusk side thaabundances at 35 km shortly before sunrise.
on the dawn side, especially around 65°& must be emphasized once more, however,
This is probably a consequence ofhat the observed 2 ppmv decrease during
photochemistry at cloud top altitudesnight and the corresponding standard
between 62 and 70 km where the main CO
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deviations are in the same order ofary between about 40 and 85% in
magnitude. dependence on cloud opacity. It is sometimes
difficult to retrieve OCS even at cloud factors
Second, the CO abundance maximum witim the order of 1.0 where the 40% value
respect to latitude is observed at 65°S (%fccurs. Uncertainties of both cloud top and
poleward compared with Tsang et al., 2008)loud bottom location as well as uncertainties
at early night, while it is located at 70°S atlue to unknown actual 280, concentration
late night. Third, midlatitude abundance®f the cloud droplets dominate the retrieval
(40-50°S, 25-26 ppmv) exhibit smallererror. Recall however that zonal averages of
standard deviations compared with higminor gas abundances are more reliable than
latitudes and even smaller variationsesults obtained from a single measurement.
compared with low latitudes. This thirdMoreover, observed variations in the OCS
feature is probably also associated with thecatter plot (cf. Figure 14C) even at polar
cloud opacity minimum and smaller retrievalatitudes (large cloud opacity) are smaller

errors at mid latitudes. than the predicted retrieval errors that are
possibly overestimated, therefore.
Nevertheless, the retrieved latitudinal trend

5.1.2 Carbonyl sulfide of OCS abundances has a lower confidence

than the observed CO trend.
OCS abundance retrievals from VIRTIS-H
data (Marcq et al., 2008) showed a latitudinal
variation by about 38%, but being5.1.3 Water vapor
anticorrelated with that of CO, that is, lowest
values of (2.5 + 1) ppmv were detected nedtresent retrieval results indicate that zonal
60°S and maximum values of (4 + 1) ppmwaverages of kD abundances near 35 km
near the equator. The authors referenceldcrease by about 10% from (33.0 = 1.0)
these values to an altitude of 33 kmppmv near the equator down to (30.0 £ 2.5)
Corresponding numbers at 35 km (th@pmv at polar latitudes. Marcq et al. (2008)
altitude of maximum sensitivity according todid not observe a significant latitude trend,
Figure 7C) are 1.46 and 2.34 ppmtheir average value is (31 £ 2) ppmv between
considering the initial altitude profile of OCS30 and 40 km. The authors stressed,
shown in Figure 5. Present retrievals at 3Bowever, that some variability may be
km vyield zonal averages of OCS mixingoossible with slightly dryer conditions (29
ratios of about 1.15 (65°S), 1.35 (60°S), angpmv) poleward of 20°N. Using high-
1.60 (low latitudes) ppmv with standardresolution Fourier spectra at 1.1-2.5 pm
deviations of 0.2 ppmv. They confirm therecorded by the Canada-France Hawaii
anticorrelated latitude trend with respect ttelescope (CFHT) in 1990 and 1991, de
CO, but absolute mixing ratios are somewhdergh et al. (1995) derived a constant mean
smaller compared with Marcq et al. (2008)H,O mixing ratio between 0 and 40 km of
The abundance minimum occurs near 6%30 + 10) ppmv. Small latitudinal variations
70°S, and the latitudinal variation is 28% (i.eof about +3% were detected by Bézard et al.
10% less variation than that mentioned2009) near the surface based on VIRTIS-M-
above). It should be mentioned that théR data from the 1.18 pm window. The
observed latitudinal trend may be also due tetrieved absolute # abundance was (44 +
a latitude-dependent change in the vertic8) ppmv. Recent analyses of VEX/SPICAV-
OCS gradient, but this was not investigatelR data by Bézard et al. (2011) howeVled
here. to a revision of this result and revealed #£H

mole fraction of (30 +10/-5) ppmv at 5-25
The retrieval error analysis for OCS showkm indicating a uniform LD abundance
that the percentual error due to temporallgrofile below 40 km. The hemispheric
reasonably varying atmospheric modehverage of present retrievals is (32.5 £ 1.3)
parameters for a single measurement may
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ppmv. It is in excellent agreement withlatitudes, but this strong decline is very
previous results. doubtful due to the large retrieval errors
especially for large cloud optical depths
Present investigations do not confirm thabccurring at high latitudes. Thus, a latitude-
sub-cloud HO abundance variations arendependent value of (130 + 50) ppmv is
correlated with cloud opacity as long as thassumed to be a more realistic one to be used
latter does not exceed 52. Such a correlatiom near-future modeling routines.
was proposed by Tsang et al. (2010) as
possible interpretation of retrieval results.
5.2 Dynamical context
The HO abundance is the second most
reliable gas parameter that can be retrievathe observed latitudinal trends of CO and
from VIRTIS-M-IR spectra, but the OCS can be qualitatively explained by large-
maximum error may still reach 47% for largescale meridional circulation processes and
cloud opacities. The dominating error sourcthe existence of a Hadley cell. Strong solar
is the uncertainty of the 430, concentration heating at equatorial latitudes causes an
of the cloud droplets. But as in case of OCSijpward motion of air from tropospheric to
this error may be overestimated. Anywaymesospheric altitudes. The air is then
H,O results have to be interpreted with caretransported toward the poles where it sinks
down before flowing back to the equator.
Any latitudinal variation of the O mixing
ratio (if really present) may be associate@O is primarily produced above the clouds
with spatial and temporal changes in thby photolysis of C@by solar UV radiation.
gaseous bB0O, abundances (Butler et al.,The downwelling branch of the Hadley cell
2001). HO is a decomposition product oftransports CO enriched air to the troposphere
sulfuric acid, which is known to be highlywhere CO is oxidized by chemical reactions
hygroscopic (Tsang et al, 2010). Due tinvolving SGQ and SQ@ (Krasnopolsky and
higher  atmospheric  temperatures  dPollack, 1994; Krasnopolsky, 2007). The
equatorial and mid latitudes at cloud basmain OCS source is believed to result from
altitudes below 50 km, trapped water vapothemical reactions of CO and gQuvith
could be easier released from3D, droplets minerals on the surface, while OCS sinks
than at lower polar temperatures leading tmay include tropospheric reactions with SO
larger HO abundances at low latitudes. and S to form C@and CO.

The observed 35% CO abundance
5.1.4 Sulfur dioxide enhancement from equatorial to polar

latitudes with maximum values centered at
SO, cannot be reliably retrieved fromaround 65°S at 35 km altitude provides a
VIRTIS-M-IR spectra. Reported latitude-valuable estimate of the meridional extension
independent S@£abundances in the 35-45 kmof the Hadley cell in the southern
altitude range spread out from (120 = 20hemisphere. Although some of previous
ppmv (Bertaux et al., 1992) to 180 ppmwnvestigators (Tsang et al., 2008; Marcq et
(Pollack et al., 1993). Bézard et al. (19933l., 2008) postulated the maximum of
derived a value of (130 £ 40) ppmv fromdownwelling motion to be located near 60°S,
CFHT data. Marcq et al. (2008) did nopresent results indicate a slightly different
detect any latitude trend, their uniformposition of this maximum at 65-70°S, and
mixing ratio is also (130 + 50) ppmv at 3%hus, a larger extension of this generic feature
km. Present retrieval results seemed wf Venus' meridional circulation. This
indicate that zonal averages of SOreliable result also well agrees with
abundances near 42 km decrease by abdunestigations of Tsang et al. (2009).
30% from an averaged value of 165 ppmv at
low latitudes down to 115 ppmv at polar
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There are indications of a local night time (ocolumn density of KO, CO, OCS, and SO
longitudinal) asymmetry of high-latitude COare subsequently retrieved from the long-
abundances near 35 km with slightlwavelength shoulder of this window using
decreasing abundances toward the dawn sidieast-squares best fits for measured VIRTIS-
This can be explained by day and night sidé-IR radiance spectra. &, CO, and OCS
differences of photochemical processes abundances at 35 km are then determined by
cloud top altitudes, but it might also be amultiplying mixing ratios at this altitude
consequence of longitudinal variations in th'om an initial model by the retrieved gas

strength of downwelling air motions. factors. A wavelength-dependent &£0O
opacity correction is considered for the entire
Chemical kinetic modeling (e.g. spectral window range.

Krasnopolsky, 2007) and combined studies
of chemistry and transport mechanisms usir@olar latitudes are covered by much thicker
different General Circulation Models (Yungclouds (1 pum opacity in the order of 50)
et al., 2009; Marcq and Lebonnois, 20133ompared with low and mid latitudes.
have recently added clues for a bettévlinimum opacity (30 at 1 pm) occurs
understanding of complex interactiorbetween 40 and 55°S. The south-hemispheric
structures between chemistry and dynamies/erage of cloud opacity is 35.5.
in the atmosphere of Venus. It is worth to
mention here that the GCM simulationdetrieved zonal averages of carbon
performed by the second group of authomnonoxide (CO) and carbonyl sulfide (OCS)
using a passive CO-like tracer yieldecdabundances in the southern hemisphere near
maximum tropospheric abundance value35 km altitude and their percentual variation
only between 70° and 80°. Thus, presenmtith latitude well correspond to earlier
results are very useful for further chemicalesults reported in the literature. CO
and dynamical studies. It is beyond the scombundance increases from (22.9 £ 0.8) ppmv
of this paper, however, to investigatet equatorial latitudes to (31.0 £ 2.1) ppmv at
atmospheric chemical processes and &b-70°S (35%) and then decreases to (29.4 +
discuss possible new implications of th&.4) ppmv at 80°S where the = figures refer
results in terms of Venus General Circulatioto the statistical variability of retrieved
Models. abundances. The statistical exploration of the
entire VIRTIS-M-IR data archive reveals,
that the CO abundance maximum exists near
6. Summary and conclusions 65°S. The observed latitudinal variation of
tropospheric CO is consistent with a Hadley
A combined radiative transfer and retrievatell-like circulation on Venus where the
technique is used to investigate minor gadownwelling branch at high latitudes
abundances in the lower atmosphere dfansports CO rich air from cloud top
Venus based on VIRTIS-M-IR/VEX altitudes down to the troposphere. Dusk side
nightside radiation measurements in thabundances near 65°S-70°S are probably
southern hemisphere recorded over the fudbout 7% (2 ppm) higher than dawn side
mission period (April 2006 - October 2008)alues, and the maximum with respect to
at long detector exposure times3(3 s). A latitude shifts from 65 to 70°S overnight.
data selection strategy is applied that i§hese abundance differences could be
especially useful for statistical exploration oexplained by the nocturnal break of £0O
massive data sets. Total cloud factors thahotolysis near the cloud tops.
scale altitude distributions of particle
abundances of the initial cloud model ar@resent retrieval results confirm the
derived from radiation signatures in thanticorrelation of zonal averages of CO and
short-wavelength shoulder of the 2.3 un®CS abundances near 35 km. CO
atmospheric transparency window. Minor gagbundances increase from the equator to
factors that modify the total atmospheripolar latitudes, but zonal averages of OCS
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mixing ratio decreases by 28% from aboutrney G.. Meadows, V.S., Crisp, D., Schmidt, S.J
(1.60 + 0.2) ppmv at low latitudes to abo“(%ney, 3 ot & 2004 Snaaly resehed
(1.15 £ 0.2) ppmv at 65°S. Zonal averages Gleasurements of 4, HCI, CO, OCS, S§ cloud

H,O abundances near 35 km slightlypacity, and acid concentration in the Venus near-
decreases by about 10% from (33.0 + 1.0)frared spectral windows. J. Geophys. Res. 119(8),

ppmv at polar latitudes. The hemispheri@mold, G., brossart, P., Piccioni, G., Haus, R12.
average of KO abundance is (32.0 + 1.3)venus atmospheric and surface studies from VIRTIS
ppmv. A significant local time dependence ofn Venus Express. Proc. SPIE 8154, Infrared Remote

Venus is not detected. http://dx.doi.org/10.1117/12.892895

Arnold, G., Haus, R., Kappel, D., Piccioni, G.,
A detailed analysis of individual spectrumprossart, P., 2012. VIRTIS/VEX observations of

retrieval errors for different atmospheriCVenus: Overview of selected scientific results. J.
. ppl. Remote Sensing 6, 20 pp.,
models is performed. It reveals that thﬁttp://dx.doi.orq/lO.1117/1.JRS.6.063580

observed latitudinal trend of CO abundances
is reliable (error 4-7%), while # and OCS Baines, K.H., Bellucci, G., Bibring, J.P., BrownR,
results have lower confidence (errors 30-47%‘g_attt." Bf'J' etth al., ?000' fDVetec“og cg S“.b'.;nv'ﬁ\;losn
and 41-86%, respectively). Retrieved zSOlr?ar'szolrLg?lT 3067_83ulrla ce of venus by L-assini
gas factors and abundances with respect dgh/dx.doi.org/10.1006/icar.2000.6519
their latitudinal behavior are very doubtful _
and probably wrong due to large retrieva?e;taulxé ;éL'V\é\ggemsggﬁrZrhyrﬁ?zfVégfuk;r:]?r?eov’
. . P., . 2

gg(())g/s) e:%iﬂ?tlgnta\/talﬁzl?)rf (Ifg(t)ugess‘o)(ggmtétmosphere of Venus: absence of evidence for recent

0). - olcanism. Bull. Amer. Astron. Soc. 24, 996.
is suggested for future modeling purposes.

Bézard, B., de Bergh, C., Crisp, D., Maillard, ,J.P.

. . . 990. The deep atmosphere of Venus revealed by
Results of this study will be used in the ne?[igh—resolution nightside spectra. Nature 345, 508-

future to investigate the influence 0fs13 hitp://dx.doi.org/10.1038/345508a0
retrieved minor gas abundances and their _
possible latitudinal variability on Bézard, B., de Bergh, B., Fegley, B., Maillard,.,J.P

. . g . risp, D. et al., 1993. The abundance of sulfuxidi®
atmospheric radlatlye properties belpw thgelow the clouds of Venus. Geophys. Res. Lett.
cloud base as an important prerequisite @15 1587-1590,
sophisticated studies on Venus’' radiativettp:/dx.doi.org/10.1029/93GL01338

energy balance.
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