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Abstract

The Visible and Infra-Red Thermal Imaging SpectranéVIRTIS) instrument on board the
Venus Express spacecraft has measured st@A) nightglow distribution at 1.27 um in the
Venus mesosphere for more than two years. Nadiereasons have been used to create a
statistical map of the emission on Venus nightsitleappears that the statistical 1.6 MR
maximum of the emission is located around the alatispoint. Limb observations provide
information on the altitude and on the shape of ¢haission layer. We combine nadir
observations essentially covering the southern syineire, corrected for the thermal emission
of the lower atmosphere with limb profiles of therthern hemisphere to generate a global
map of the Venus nightside emission at 1.27 umesiall the &@'A) intensity profiles,
O,(a'A) and O density profiles have been calculated ameetdimensional maps of
metastable molecular and atomic oxygen densitiese Hezeen generated. The,(&A)
hemispheric average density is 2.1%&@° at 99.2 km, with a maximum value of 6.5%10
cm®. The O density profiles have been derived fromrtuhtglow data using COprofiles
from the empirical VTS3 model or from SPICAV stellaccultations. The emispheric
average density is 1.9xt0cm® in both cases, with a mean altitude of the peakted at
106.1 km and 103.4 km, respectively. This globallédsity nightside distribution improves
that available from the VTS3 model, which was atedi by extrapolating measurements
made above 145 km. Comparing the oxygen densitydeaped from the ga'A) nightglow
observations, it appears that the morphology ig déferent and that the densities obtained in

this study are about three times higher than tposéicted by the VTS3 model.



1. Introduction

In situ mass spectrometer measurements have shbatnatomic oxygen is a major
constituent of the Venus nightside thermospherevdxet 140 and 170 km (Niemamehal.,
1980) but no in situ measurements have been made Hel0 km. (Gérardet al., 2009)
showed that the atomic oxygen density can be dedfroen the Q(a’A) volume emission
rate. The Q(a'A) nightglow in the Venus upper mesosphere has béeerrved at 1.27 pm
from the ground (Bailegt al., 2008; Crispet al., 1996; Ohtsukgt al., 2005; 2008) and using
data from the Visible and Infra-Red Thermal Imag8wectrometer (VIRTIS) instrument on
board the Venus Express spacecraft (Drostat, 2007; Piccioniet al., 2009). The Venus
Express orbiter was launched by the European Spgeacy (ESA) on November 2005.
Since April 2006, it has been orbiting around Veimus 24-hour polar elliptical orbit. Its
pericenter is located near 250 km while the alétoflits apocenter is 66 000 km. VIRTIS is
composed of two spectrometers: the VIRTIS-M medapaetral resolution imaging
spectrometer and the VIRTIS-H high-spectral resmfutspectrometer. VIRTIS-M can be
used in the visible/NIR channel from 0.3 to 1 pnskgps of ~2 nm or in the IR channel from
1 to 5 um by steps of ~10 nm. The VIRTIS-M-IR instient is well adapted to the
observation of the a*A) nightglow at 1.27 pm either in nadir or limb medésing nadir
observations, Gérart al. (2008) and Picciorgt al. (2009) found that the emission peak was
statistically located around the antisolar poinithva maximum value of respectively 3 MR
and 1.2 MR (1 Rayleigh, R, corresponds to the Imigs of an extended source emittin§ 10
photons crit st in 4z sr) and a mean intensity for Venus nightside 8fNIR and 0.52 MR,
respectively. Using limb observations, the meamgHiriess at the maximum of the profile
obtained along the line of sight was found to be228MR at 96+£2.7 km by Géraret al.

(2010). Connest al. (1979) suggested that the observed emission ames to radiative



deexcitation of the @a'A) molecules following three-body recombination ef/gen atoms.
These atoms are produced on the Venus dayside dtpdgibsociation and electron impact
dissociation of C@and CO and transported to the nightside by saaantisolar (SSAS)

circulation. The reaction scheme may be written:

20+CO, - O, *+CO, (k) 1
0,* -~ O, +hv (A) 2
0, *+CO, - 0, +CO, (Co) 3

where O,* represents excited oxygen moleculks3.1x10% cn? s is the reaction rate
coefficient of reaction (1)A=2.19x10" s* is the Einstein coefficient of the 1.27 um traiosit
and Cq is the quenching coefficient. Because this cokffit is very low, it has not been
possible to determine its exact value. Sareeal. (2003) recommend using an upper limit
value of 2x1G° cmi® s*. Thek reaction rate is estimated to be 2.5 times the caefficient
for oxygen atom three-body recombination in nitrogeken to be 1.25x18 cn s* (Huestis
et al., 2008; Slangeet al., 2006) at 187 K, which is the rotational temperatestimated by
Bailey et al. (2008) from best fits to ground-based observatith a forward modeling
approach. Based on these reactions and VIRTIS-Mal@r and limb @(@'A) observations, it
is possible to deduce,@*A) density profiles between 90 and 120 km (Géeird., 2009).
Atomic oxygen density profiles can also be caladatf CO, density profiles are available
(see reaction 3). The GQlensity vertical distribution can be obtained gseither results
from the Venus International Reference atmosph¥i&A) model or observations from

Venus Express. The empirical VIRA model (Keatigigal., 1985) is largely based on



measurements performed above ~145 km by the OgbiMeutral Mass Spectrometer
(ONMS) on board the Pioneer Venus orbiter from 1878980 during a period of high solar
activity. Below this altitude, the VTS3 numericaiplementation empirical model by Hedin
et al. (1983) extrapolates the O density profiles assgrhydrostatic equilibrium.

The Spectroscopy for the Investigation of the Ctiarastics of the Atmosphere of Venus
(SPICAV) instrument is a suite of three spectromsete the UV and IR range flying on the
Venus Express orbiter (Bertawst al., 2007). The UV sensor, which covers the range
extending from 118 to 320 nm, provides verticalfie of CQ in the stellar occultation
mode. For this study, we used 114 processed @@files retrieved from SPICAV stellar
occultation observations.

In section2, we describe how limb and nadir observations ftbe VIRTIS instrument on
board Venus Express have been combined to gersetatee-dimensional map of the(&A)
emission in the mesosphere-thermosphere transeigion on the Venus nightside. Sect®n
explains how a three-dimensional map of the atommiggen density has been generated by
combining results from sectidghand three-dimensional maps of the,@®@nsity, using either

results from the empirical VTS3 model or observadiadata from the SPICAV instrument.

2. Three-dimensional map of the O,(a’A) emission

Two types of observations can be used to obsermei®/with VIRTIS: the limb and the nadir
modes. Because of the spacecraft's polar ellipticabit, nadir measurements are
preferentially made while VIRTIS observes the seuthhemisphere. Nadir observations
measure the £a'A) emission brightness over wide ranges of latituded local times.
Instead, limb observations are collected in thehswn hemisphere. The coverage is more

limited but the third dimension (the emission ragea function of altitude) is also available.



The following paragraphs explain how both nadir éntb observations have been mixed
together to generate a three-dimensional map oD@ A) emission over the entire Venus

nightside.

2.1. Generation of a two-dimensional map of the O,(a'4) emission using nadir and
limb observations

Generating a global statistical map of th&a) emission requires to process nadir and limb
data separately. Nadir observations showing th@'®) emission also include a thermal
contribution which first has to be removed. To @p €ardesin-Moinelo 2009 recommends
considering the bands 1.23 to 1.30 um of a VIRTISRMobservation for the airglow
emission. A continuum contribution determined fridme 1.23 and 1.30 pm channels is then
subtracted from this emission. The thermal contrdpuoriginating from hot regions of the
surface and lower atmosphere is estimated betwdehahd 1.21 um. A continuum is also
subtracted by using the signal in the 1.14 and &1 channels. Thirty percents of this
thermal band is then subtracted from the airglovission band (Picciongt al., 2009). The
data are corrected for emission angle and backstajtfollowing the method developed by
Crisp et al. (1996). Finally, all the images acquired by VIRINBIR are assembled to
generate a global map of the nadir observations.

Profiles of the Q(a*A) emission as a function of altitude are extradteth limb observations.
As limb observations can vary either in latituddawal time, profiles are extracted by range
of 1° of the varying parameter (Géraadal., 2010). These profiles are then deconvolved to
account for the spatial resolution of the instrumehich is 15 km near apocenter at 66 000
km. The local volume emission rate is then dedultedh these profiles by applying the

inverse Abel transform (Gérastial., 2009):
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wherey, is the local @ emission rate expressed in ¢, zis the distance from the center of
Venus in km, is the brightness along the line of sight expréseephotons cf s*. These
local volume emission rate profiles can then bdiealy integrated along the altitude to
simulate nadir observations. Finally, combining thap of nadir observations in the southern
hemisphere and the one of vertically integratedblimbservations from the northern
hemisphere provides a statistical global map of@h@'A) emission. Figure 1-a shows the
nadir intensities obtained with this method. Thatistical map has been generated using from
one observation for the pixels of the northern Ispinére to 360 observations for the pixels
located at high southern latitudes. A region ofaerded emission appears around the antisolar
point, with a maximum brightness of 1.6 MR. It ikarly observed that the intensity
decreases away from the antisolar point. The mdoglyoof this map is in good agreement
with previous results from Géramat al. (2008) and Piccionét al. (2009) who obtained 3.0
MR and 1.2 MR for the maximum brightness of thgaf\) emission, respectively. We note
that the thermal contribution was under-estimatgdGQG#rardet al. (2008) and that the
intensities showed in the map of Piccianial. (2009) were represented with a maximum
level of 1.2 MR. The mean brightness on Venus sigetisl=0.50 MR, taking into account
the actual area weight of each useable pixel (&lpsc1° of latitude by 1° of longitude).
Assuming that the efficiency of O atoms recombindigectly or by cascades from upper
lying states into the'a state is==0.75 and that the only O loss on the nightsideastion 1,

the following relation is obtained:

o = 037x10".0 S



where &g is the downward flux of O atoms at 130 km (Gératrdl., 2008). Thus, a mean
hemispheric value of 0.50 MR corresponds to anamedownward flux ofbo=1.35x10?
cm? s, which is about 17% of the average production lum dayside estimated to range
between 6.4x13 cm? s* (Krasnopolsky, 2010) and 8x¥0cm? s* (Leu and Yung 1987).
This implies that 17% to 22% of the dayside produciof O atoms is transported to the
nightside where they recombine and produce th&'®) nightglow. If other processes
involving destruction of O atoms through reactiomgh odd hydrogen and chlorine are
considered, relation 5 no longer holds. In thisecadarger downward flux of O is needed to
produce a given vertical £B'A) emission rate. Krasnopolsky (2010) concluded that
approximately 50% of the atomic oxygen is lost de tightside through three-body
recombination. In this case, the efficiency of ttansfer from the day to the nightside is ~34

to 44%.

2.2.  Generation of a new data set of O,(a'4) limb profiles

Next, we analyze limb observations to access thghtmess of the emission along the
atmospheric column. Limb profiles have been deduaad observations covering almost all
the northern hemisphere and are extremely varidhtzioni et al. (2009) showed that the
peak altitude is located between 90 and 103 km ivtnsities along the line of sight ranging
from 4 to 100 MR. Géraret al. (2010) obtained a mean peak altitude of 96 + 7akd a
mean intensity of 28 £ 23 MR. However, accordingFigure 1-a, the intensity is brighter
around the antisolar point and appears to decwedledhe distance from this point. We thus
decided to generate mean(&A) limb profiles every 5° of solar zenith angle. fig 2-a
shows these averaged limb profiles, the red pobleing deduced from observations near the

antisolar point and the blue ones near the termindt clearly appears that the peak intensity



along the line of sight decreases away from thes@lar point. The peak brightness is 66.3
MR at the antisolar point while it drops down t@ 84R near the terminator. As can be seen
from Figure 2-a and confirmed in Figure 2-b, thalpaltitude of the gfa'A) emission
statistically tends to increase from 94 to 99 konfrthe antisolar point to 80° of solar zenith
angle. These results were obtained with observattotiected in the northern hemisphere. In
the absence of data for the southern hemisphereasgeime that the presence of a
hemispheric symmetry and we use these profileth®entire nightside. They will be referred

to asreference profiles.

2.3.  Combination of the global nadir map and the averaged limb profiles

At this point, we have constructed a global stat$tmap of nadir values (Figure 1-a) and
statistical limb profiles of the £&a'A) emission (Figure 2-a). Each point of the Venus
nightside is characterized by its coordinatest(lde and local time). The nadir intensity of
each point can be determined from the statisticgb.nd\ limb profile can also be associated
with this specific point by normalizing the apprizpe reference limb profile (given the solar
zenith angle of this point) to the mapped nadiemsity. The method to normalize a reference
profile is specified hereafter. First, the local igsion rate is deduced from observations
integrated along the line of sight by the inverdeelAtransform (see equation 4). This local
profile is then vertically integrated to obtain timtensity of a simulated nadir observation.
This value is then compared to the actual nadenisity retrieved from the statistical map.
Using this ratio, the vertical emission rate pefian be normalized. Finally, the normalized
limb profile is calculated by applying the Abelrisdorm to this local profile. As this process
can be applied to every single point of the Venightside, we finally obtain a three-

dimensional map of the &'A) emission. As an example, Figure 1-b shows a @esson at



a given altitude (here 96.5 km) of the(8A) intensity along the line of sight. As the peak
emission is located near 96.5 km (Gératrel., 2008; 2010; Picciondt al., 2009) and as the
normalization has been made using the nadir vabfieee statistical map, it is natural that

Figure 1-b shows the same morphology as Figure 1-a.

3. Three-dimensional map of atomic oxygen density

Now that every pixel of the Venus nightside is asated to a limb profile, gfa'A) densities
can be deduced. Using these and, @énsities, it is possible to generate verticafilg® of

atomic oxygen density.

3.1.  Generation of a three-dimensional map of the O,(a'4) density

The excited @density can directly be calculated from the foliogvequation (see reaction 2):
z 6
0.1 =2

where P,*] is the molecular excited oxygen density expressezhi® andA=2.19x10" s* is
the Einstein coefficient of the 1.27 um transitiewmanet al., 1999). Applying this
equation to every single point of the Venus nigldsieads to the generation of a three-
dimensional map of the molecular oxygen densitys Témds to the conclusion that the mean
altitude of the peak emission rate is located a2 8, with a maximum value of 6.5x16m

% and a mean weighted value at the peak of 2%xt®’. The global morphology of the

O(a'A) density is similar to the maps presented in Fgur
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3.2.  Generation of a three-dimensional map of the CO, density

CO, density profiles have first been obtained from WIe&S3 model. At a given altitude, the
CO, densities predicted by VTS3 are equal for a fisatiar zenith angle. This can be
explained because VIRA is based on PVO measuremuaiiich only collected in situ
measurements at low latitudes. To make up for #ok bf data at higher latitudes when
constructing the VTS3 model, the PVO observatioresewgrouped depending on their
distance to the antisolar point along the equatdrarcularized. The symmetrical distribution
of the VTS3 CQ density is represented in black in Figure 4. Tineve shapes are identical in
both cases (at 97 and 105 km): the ,Gf@nsity remains constant between 0° and 10° of
antisolar angle, then decreases down to a minimean 40° and finally increases to reach a
maximum value near the terminator.

CO, profiles can also be retrieved from SPICAV stetdacultation observations (Figure 3),
which have been acquired regardless of the VIR&ovations. To infer the amount of €O
molecules along the line of sight, the stellar behmming of a bright UV star between 120
and 200 nm is measured outside and trough the Y@masmosphere. The inversion routine
of Montmessinet al. (2006a; 2006b) based on Quémesiisl. (2006) considers the Beer—
Lambert’s law, expressing that source attenuataaes exponentially with opacity. Spectral
inversion is performed independently for everytadte with a least-squares fitting technique
(Levenberg—Marquardt) to infer the number of Lfolecules and the aerosol opacity
integrated over the line of sight. Based on theipres results from the VIRA model, the 114
SPICAV stellar occultation observations were gralpg steps of 15°, depending on their
distances to the antisolar point. An averaged @ensity profile was finally generated for
each group of profiles. Its associated solar zeaitgle was calculated by averaging the
distances associated to every single profile ofgitweip. The full set of profiles is plotted in

Figure 5 and the C{densities at a given altitude are represented av@émonds in Figure 4.
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Between 0° and 50°, the shapes of the SPICAV m®fire identical to those from the VTS3
model, with a minimum near 40°. By contrast, théC3®/ densities show a pronounced drop
beyond 50°, which is the opposite of the VTS3 peoins. However, it is important to stress
that VTS3 densities below 145 km high only are axttations of higher altitude

measurements based on hydrostatic equilibriums Blso important to note that the £0O
densities obtained with SPICAV are always smahantthose of VTS3 at 97 km, while they

are larger between 0° and 60° at 105 km.

3.3.  Generation of a three-dimensional map of the atomic oxygen density

Finally, the oxygen density can be deduced frosa!@) and CQ densities (see reactions 1 to

3):

A+C,[CO,](2)
ke[CO,](2) ;

ol(2)- J[oz X0

where [] is the atomic oxygen density expressed in*ande is the efficiency of the'a
state production in reaction 1 assumed to be 75%.|ddal CQ density can be calculated for
any point of Venus nightside either by using the 8T&odel with the appropriate coordinates
(latitude and local time of the point) or by intelgting the six profiles obtained with the
SPICAV measurements (given the zenithal distancehef point). The resulting three-
dimensional map of the atomic oxygen density camelpeesented at a fixed altitude of 103
km, for instance, both for the calculation madehvilie VTS3 CQ densities (Figure 6-a) or
the SPICAV CQ measurements (Figure 6-b). In both cases, thedpdraiic area weighted

mean O density at the peak is 2.0%16m>. Using CQ densities from VTS3, the mean
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altitude of the peak is located at 106.1 km whiléesilocated at 103.4 km if GQlensities
from SPICAV stellar occultations are used. The ganmorphology of the density maps also
shows differences using one method or the otherekample, the maximum O density at 103
km reaches 3.4x10cmi® near the antisolar point with the VTS3 €@ensities while it is
3.2x10" cmi® with the SPICAV CQ dataset. Instead, values obtained near the tetoniage
lower when using the VTS3 data: at 0400 LT and 36960 densities are 1.0xXt@m* and
1.2x10* cm® for the CQ data from VTS3 and SPICAV, respectively. This carekelained
considering Figure 4-b and equation 7. Near theiteator, CQ density values from VTS3
are higher than those derived from SPICAV obseownstiand the O density is inversely
proportional to the square root of the £density. Therefore, the O density calculated with
CO, values derived from VTS3 are expected to be lems those calculated with the SPICAV
CO, profiles. Finally, maps of Figure 6 shows that thgher O densities are located around
the antisolar point for the densities calculatethv@ O, densities from SPICAV observations
(Figure 6-b) while they are more scattered for @edensities deduced from VTS3 ¢O
simulations (Figure 6-a). Figure 6-c and Figure fesdpectively represent cuts through the
atmosphere along the equator and along the midmudridian to illustrate the vertical
distribution of the oxygen density. Once againrighier area appears near the antisolar point,
especially between 101 and 106 km. Consideringligteibution of a given density level, it is
seen that the altitude of the layer increases awnay the antisolar point. This is likely a
consequence of the increase of thg@af) intensity reference profiles away from the
antisolar point (see Figure 2-b).

It is also interesting to compare these resultsheo O densities directly derived from the
VTS3 model and which currently are the only onesilabke. Whatever the altitude, the
atomic oxygen density in VTS3 is constant along givgn solar zenithal distance, meaning

that they are axi-symetric along the Sun-Venus #as the same reason as VTS3 £O
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profiles are concentrically distributed), which daardly reproduce the reality. At 103 km, the
density variations follow the same shape as thé gfldhe VTS3 CQ density presented in
black in Figure 4-b. The VTS3 O density at the amdispoint (0° of antisolar angle) is
5.8x10° cmi®, reaches 6.0xt®cm® at 16°, decreases down to 5.2%1€m* at 38° and then
increases continuously to reach 6.6¥1@m* at the terminator. The mean value at 103 km is
6.4x10° cmi® which is about 3 times less than for the O densigviously calculated with
CO, densities from VTS3 and SPICAV. A comparison betwte results obtained for the
derivation of a density profile at 0045 LT and 24%8ing either directly the VTS3 model
(dotted line) or C@ densities from the VTS3 model (dashed line) or base the X@a'A)
airglow profiles combined with CQOdensities from the SPICAV stellar occultationsligso
line) is shown in Figure 7. While the dashed andidmes show a density peak near 105 km,
the VTS3 model only simulates an exponential deeredshe O density with altitude. As
already mentioned, this is because VTS3 below 14®kiyis a downward extrapolation of

the PVO measurements assuming hydrostatic equitibri

4. Discussion

This study provides a detailed description of théata) emission and O density in the Venus
nightside lower thermosphere and upper mesosp8eréar, only O density simulations from
the VTS3 model, based on extrapolation of measurssmasilected by the Pioneer Venus
mass spectrometer above 145 km were availablehiss study, we construct a three-
dimensional map of the atomic oxygen density usiogervations by VIRTIS at 1.27 um. It is
based on the analysis of the(8A) nightside emission and measurements of the @@sity
with stellar occultations by SPICAV. Results ob&rwith this method appear more realistic

than those obtained with the VTS3 model, especgilgn the morphology of the O density
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distribution. The three-dimensional map of oxygemgity has been generated using
interesting intermediate tools. A complete thremetisional statistical map of thex@&A)
nightglow has been built with limb and nadir obsgions to obtain a coverage of Venus
nightside both in the northern and in the souttemispheres. A three-dimensional statistical
map of the metastable molecular oxygen density dlas been deduced. Finally, three-
dimensional maps of the G@ensity have been generated, either by using TT&3\model or
SPICAV stellar occultations. Comparison of these segts of results shows that even if plots
of the CQ densities as a function of the antisolar anglesgme the same shape at a given
altitude (plateau around the antisolar point, mimmnear 40°), important density differences
are observed, especially near the terminator. Utiege results, three-dimensional maps of
the atomic oxygen density have been constructesieder, some uncertainties remain. For
example, the quenching coefficient of(&A) by CQ, has never been measured and the value
used in this study is an upper limit. A valueCg=0 in equation 7 would lead to O densities
1.5% smaller than those obtained here. Similarlge@sities would have been 15% less if an
efficiency of 100% had been used. Also, keeaction rate for three-body recombination is
estimated to be 2.5 times the value of the coefficifor oxygen atom three-body
recombination in nitrogen but has not been measuitdCO; as a third body.

The current results can be used as constraints doctimposition of Venus nightside
atmosphere predicted by such models. We note #w@nt model predictions are in good
agreement with these results. The three-dimensior@hus Thermospheric General
Circulation Model (Boughekrt al., 2010; Brechtet al., 2010), which combines chemical,
dynamical and energetic processes, calculates yeoxdensity of 2.4x16 cnt® at 104 km.
The one-dimensional photochemical model of Krasrgkyo(2010) for the Venus nightside,
which involves 61 reactions and 24 species, preaintO density profile of about 2Xt@m®

between 104 and 112 km. Future improved statisticshe SPICAV observations will
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contribute to a better assessment of the distobhutf CQ in the thermosphere-mesosphere

transition region and thus, to the accuracy of@hdistribution on the Venus nightside.
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Figure captions

Figure 1: Statistical map of the,@'A) nightglow in a nadir geometry view (a) generated
with limb and nadir observations (b) and crossisacat 96.5 km of the three-dimensional

statistical map of the £&'A) nightglow.

Figure 2: Averaged limb brightness profiles acaogdio their distance from the antisolar
point deduced from limb observations in the nomhsemisphere (a) and variation of the peak
altitudes according to their distance to the akdispoint (b). The peak intensity tends to

decrease while moving toward the pole while thek@d@tude tends to increase.

Figure 3: SPICAV stellar occultations distributiover the Venus nightside.

Figure 4: Cross sections of G@ensities as a function of the distance to thesalar point at
97 km (a) and 105 km (b). The @@ensities calculated with the VTS3 model are ptbite
solid line while those derived from SPICAV stellaccultations are represented with

diamonds.

Figure 5: Averaged CfOdensity profiles calculated from SPICAV observatidoetween 80

and 140 km (a) and between 90 and 110 km (b).

Figure 6: Cross section at 103 km of the three-dsimal map of the atomic oxygen density
generated with C@ density profiles from the VTS3 model (a) and fronPIGAV
measurements (b). Cross sections of the three-gimead map of the atomic oxygen density

generated with COdensity profiles from SPICAV measurements at thaagor (c), using
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averaged values between 5°S and 5°N. Cross seatiothe three-dimensional map of the
atomic oxygen density generated with £@ensity profiles from SPICAV measurements
along the midnight meridian (d), generated withraged values between -0030 and +0030

LT. Black pixels mean that no data were available.

Figure 7: Comparison of the oxygen density profitdgained with the VTS3 simulation

(dotted line), the calculation with GQ@ensities from VTS3 (dotted line) and the calcolati

with CO, densities from SPICAV observations (solid line).

18



References

Bailey, J., Chamberlain, S., Crisp, D., Meadows, &/, 2008. Near infrared imaging
spectroscopy of Venus with the Anglo-Australian €eelope, Planet. Space Sci. 56, 1385-
1390.

Bertaux, J.-L., et al., 2007. SPICAV on Venus ExpreBhree spectrometers to study the
global structure and composition of the Venus aphese, Planet. Space Sci. 55, 1673-1700.
Bougher, S. W., Brecht, A., Parkinson, C. D., Rafls., Gérard, J.-C., Yung, Y. L., 2010.
Dynamics, Airglow, and Chemistry of the Venus Uppémosphere: Interpretation of Venus
Express Datasets Using the VTGCM, International VeQanference, Aussois, p. 94
(abstract).

Brecht, A., Bougher, S. W., Parkinson, C. D., Rafks., Gérard, J.-C., 2010. Concurrent
observations of the ultraviolet NO and infrared @ightglow emissions: Uncorrelated
behavior explained with the VTGCM, International \enConference, Aussois, p. 95
(abstract).

Cardesin-Moinelo, A., 2009. Studio ed implementoaei della pipeline dei dati dello
spettrometro ad immagini VIRTIS a bordo della nossiVenus Express: "Dalla
planificazione scientifica delle operazioni find'aichiviazione dei dati ed all'elaborazione ad
alto livello". Thesis, Universita degli Studi didRava, Italy, 207pp.

Connes, P., Noxon, J. F., Traub, W. A., CarletonPN1979. @*A) emission in the day and
night airglow of Venus, Astrophys. J. 233, 29-32.

Cox, C., Saglam, A., Gérard, J. C., Bertaux, JGonzalez-Galindo, F., Leblanc, F., Reberac,
A., 2008. Distribution of the ultraviolet nitric ade Martian night airglow: Observations from

Mars Express and comparisons with a one-dimensiopdkl, J. Geophys. Res.-Planets 113.

19



Crisp, D., Meadows, V. S., Bezard, B., deBergh, Maillard, J. P., Mills, F. P., 1996.
Ground-based near-infrared observations of the ¥enghtside: 1.27 pm ﬂ:alAg) airglow
from the upper atmosphere, J. Geophys. Res.-Pladg{1577-4593.

Drossart, P., et al.,, 2007. Scientific goals foe thbservation of Venus by VIRTIS on
ESA/Venus express mission, Planet. Space Sci. 53-1672.

Gérard, J. C., Saglam, A., Piccioni, G., Drosdart,Cox, C., Erard, S., Hueso, R., Sanchez-
Lavega, A., 2008. Distribution of the,@nfrared nightglow observed with VIRTIS on board
Venus Express, Geophys. Res. Lett. 35.

Gérard, J. C., Saglam, A., Piccioni, G., Dross@arf,Montmessin, F., Bertaux, J. L., 2009.
Atomic oxygen distribution in the Venus mesosphémnm observations of ©infrared
airglow by VIRTIS-Venus Express, Icarus 199, 264-272

Gérard, J. C., Soret, L., Saglam, A., Piccioni, @gssart, P., 2010. The distributions of the
OH Meinel and Q@'A-X%) nightglow emissions in the Venus mesosphere basedRTIS
observations, Adv. Space Res. 45, 1268-1275.

Hedin, A. E., Niemann, H. B., Kasprzak, W. T., Sel{f, 1983. Global Empirical Model of
The Venus Thermosphere, J. Geophys. Res. 88, 73-83.

Huestis, D. L., Bougher, S. W., Fox, J. L., Gala¥d, Johnson, R. E., Moses, J. |., Pickering,
J. C., 2008. Cross Sections and Reaction RateSdorparative Planetary Aeronomy, Space
Sci. Rev. 139, 63-105.

Keating, G. M., Bertaux, J. L., Bougher, S. W., kmson, R. E., Cravens, T. E., Hedin, A.
E., 1985. Venus international reference atmosplete, Space Res. 5, 117-171.
Krasnopolsky, V. A., 2010. Venus night airglow: Gnol-based detection of OH,

observations of @emissions, and photochemical model, Icarus 202717

20



Leu, M. T., Yung, Y. L., 1987. Determination of te(*A) and Q('%) yields in the reaction
O + CIO = Cl + Q: Implications for photochemistry in the atmosphefé/enus, Geophys.
Res. Lett. 14, 949-952.

Montmessin, F., et al., 2006a. Subvisible,G¢2 clouds detected in the mesosphere of Mars,
Icarus 183, 403-410.

Montmessin, F., Quémerais, E., Bertaux, J. L., KesgbO., Rannou, P., Lebonnois, S.,
2006b. Stellar occultations at UV wavelengths by 8PICAM instrument: Retrieval and
analysis of Martian haze profiles, J. Geophys. Rés.

Newman, S. M., Lane, I. C., Orr-Ewing, A. J., Newmhd. A., Ballard, J., 1999. Integrated
absorption intensity and Einstein coefficients foe tQ aAq-X%%, (0,0) transition: A
comparison of cavity ringdown and high resolutiooufter transform spectroscopy with a
long-path absorption cell, J. Chem. Phys. 110, 2a1Qr57.

Niemann, H. B., Kasprzak, W. T., Hedin, A. E., HuntBn M., Spencer, N. W., 1980. Mass
Spectrometric Measurements of the Neutral Gas Ceipo of the Thermosphere and
Exosphere of Venus, J. Geophys. Res. 85, 7817-7827.

Ohtsuki, S., lIwagami, N., Sagawa, H., Kasaba, ¥ena) M., Imamura, T., 2005. Ground-
based observation of the Venus 1.27 pmaidglow, in: Witasse, O., Shea, M. A. (Eds.),
Planetary Atmospheres, lonospheres, and Magneteesphpp. 2038-2042.

Ohtsuki, S., lwagami, N., Sagawa, H., Ueno, M., &=s Y., Imamura, T., Nishihara, E.,
2008. Imaging spectroscopy of the Venus 1.27 pnai@low with ground-based telescopes,
Adv. Space Res. 41, 1375-1380.

Piccioni, G., Zasova, L., Migliorini, A., DrossaR,, Shakun, A., Munoz, A. G., Mills, F. P.,
Cardesin-Moinelo, A., 2009. Near-IR oxygen nightglobserved by VIRTIS in the Venus

upper atmosphere, J. Geophys. Res.-Planets 114.

21



Quémerais, E., Bertaux, J. L., Korablev, O., Dima€eE., Cot, C., Sandel, B. R., Fussen, D.,
2006. Stellar occultations observed by SPICAM omsvixpress, J. Geophys. Res. 111.
Sander, S. P, et al., 2003. Chemical KineticsRimatochemical Data for Use in Atmospheric
Studies, JPL publication 02-25.

Slanger, T. G., Huestis, D. L., Cosby, P. C., ChanoM. J., Bida, T. A., 2006. The Venus

nightglow: Ground-based observations and chemieahanisms, Icarus 182, 1-9.

22



Figures

(yw) Aususyut (v,)%0

. N ‘
L

N

.

o

Figurel

23



Altitude (km)

0,('A) peak altitude (km)

140

120

100

(03]
(@]

60

105

100

90

O 0 0o o

o

N NN NN
OO0

N — —

52.5°
57.5°
62.5°
67.5°

82.5°
87.5°

40
0,('A) intensity (MR)

60

R=0.65

20

40 60
Antisolar angle (Deg.)

Figure2 (aand b)

24



Latitude (Degq.)

(&)}
O

~
(@)

N
O

@]

I
N
o

I
~
O

I
&)
@]

[
(04]
@]

I
[9))]

L o i
— 000 o —
i oo o © i
L 30 G0 G0 GO 00 0 O 00 Lo o o0 i
L o oS ©° oo o 00 i
B %
N o 0 O T
- kS o O O B
L oo o 00000 0@ ® o T 0 0000 ®®o 00 _
L o O i
i o ¢ ]
I , I I

Local time (h)

Figure3

(@)}

25



3x10'"

2x10'"

CO, density (cm™)

1x10'"

4x10'"

3x10"

2x10™

CO, density (cm™)

1x10"

T L L

i o ]
— <> —
N o B
B SPICAV ]
T At 97 km ¢ ]
. [ L ]
0 20 40 60 80 100

Antisolar angle (Deg.)

1 L T ]
:_ SPICAV _:
C 3 ]
C At 105 km 7]
C . . . | | . . . | | . . ]
0 20 40 60 80 100

Antisolar angle (Deg.)

Figure4: (a and b)

26



Altitude (km)

Altitude (km)

140 -

120~

100 -

80

51.2°

79.1°

1010

1012

CO, number density (cm™)

1014 | 1016

1107

105

100

O
n

O
O

8.8°
24.9°

51.2°

79.1°

(o)

—_
O
N

.1015

CO, number density (cm':’)

Figure5 (aand b)

N | 4
(@) PR ST N N T SN S SN T NN SO SY SONY SN NN ST S N
[}

27



(c-wd [ ,01) Wy g0l 1o Aysusp O
o)) N o

N

(w2 (,01) Wi €01 10 Aysusp 0
o)) M 00

N Q i

28



Altitude (km)

Altitude (km)

120

110

100

120

110

100

~40

-20

0° Latitude

o

I
[
3
0 density (10" cm™)

o
o

0.0
1 0 -1 -2 -3
Local time (h)

00:00 LT

[
l
©

0 density (10" ecm™)

I
|
=~

o

o
o

0.0

0 20 40
Latitude (Deg.)

Figure6 (a, b, cand d)

29



Altitude (km)

120

110

100

90

80

- 0 VTS3 < E
- ' > .
- SPICAV 2 ]
- > .
- _ .
C _ VTS 3 7
- — -
| — —
- - -
T 0044 LT e 7]
- 24°S .
C 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 ]
0 0.5 1.0 1.5 2.0 2.5

0 density (10" cm™)

Figure?

30



