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Abstract

We analyze FUV spatially-resolved dayglow spectgamed at 0.37 nm resolution by the
UVIS instrument during the Cassini flyby of VenuBhe intensities of the ultraviolet
multiplets of carbon at 126.1, 156.1 and 165.7 mendetermined using a least squares fit
technique applied to all dayglow spectra recordedJVIS along the Cassini track. These
intensities are compared with the results of aradiiative transfer model of these emissions,
that includes the known photochemical sources of@is and resonant scattering of sunlight.
The carbon density profile of the Venus thermosplers never been directly measured and
is taken from a model. We find a serious disagregntbetween these observations and
modeling that can be accounted for by applyingadirsg factor to the carbon column. This
needed scaling factor is found to increase mono#dlgiwith solar zenith angle, suggesting a
possible photochemical origin to the disagreemgossibly involving the photochemistry of

molecular oxygen to which the carbon density iq\hyigensitive.

Keywords:  Venus, Atmosphere ; Ultraviolet obseorat Radiative transfer ;
Photochemistry
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1. Introduction

The presence of carbon atoms in the thermosphgrawoét Venus has been established
in the early seventies yottman and Moo§1973) using a rocket-borne FUV spectrometer,
that measured the intensity of the CI-156.1 and 7ZL&8n emissions to be ~2.4 and ~4.0 kR
respectively. This discovery was later confirmedtiy detection of the CI-165.7 nm line by
the spectrophotometer of the Mariner 10 spacedrivadfoot et al.,1974) and by the
presence of both spectral features in the FUV speeicorded by the Orbiter Ultraviolet
Spectrometer (OUVS) on board the Pioneer Venus @#pécecraft Stewart et al., 1979

Paxton 1983, 1985).

Scientific analysis of these observations madeogsible to address the study of the
carbon photochemistry and density profile. Diregasurement of the vertical distribution of
carbon has never been performed. However, the €itglemas estimated at high altitude (i.e.
above the CO layer that contaminates the Cl emrmssieasurements due to its fourth positive
emission) byPaxton(1985) using PV-OUVS observations of 156.1 and. Z6&n emissions.
Full understanding of the carbon vertical profilevartheless remains an open question, and
remote sensing of the carbon emissions is the nmpbrtant source of observational

constraints to guide its scientific investigation.

Excitation of the upper states of the 165.7 and.1L%6n multiplets (3%° and 2pD°
respectively) can mainly be achieved through phesmttiation and dissociation by electron
impact on the CO and G@nolecules, by direct electron impact on C atontslanresonance
scattering of photons (either solar or endogendeldtodissociation of CO is the dominant

mechanism producing ground state carbon, but dstbee recombination of COand CQ"
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cannot be neglected, especially at high altitdélex (and Paxton2005). It has already been

established that the main sink of carbon in thentlosphere of Venus is the reaction
C+—>CO+0 (@B

although the @ density profile has never been measured, and nsmargely unknown.
Several authors have developed elaborated modeltheofVenusian thermospheric and
ionospheric photochemistry that now include theboar photochemistry, making an
assumption on theyf = [O,]/[CO,] mixing ratio (Fox and Dalgarnp1981;Fox, 1982, 2003;
Fox and Bougher, 1991 and references therein; Raxt883;Fox and Bakalian2001;Fox
and Sung2001;Fox and Paxton2005). Indeed, estimation of the carbon densiylmned
with a detailed photochemical modeling is the omigthod available up to now to evaluate
the @ density, which has never been measured dire€ty. and Sundg2010) calculated a
carbon density profile too low compared with theules of Paxton (1985), that could be
attributed to a too large value ff . Fox and Paxtor(2005) used recent reaction parameters
to re-investigate the carbon photochemistry andpaomthe results with the density profile of
Paxton(1985) at high altitude. They estimated that~ 3x10% The knowledge of the carbon
density profile is a key element in modeling andlenstanding the FUV carbon emissions.
Full disc observation of the carbon emissions wadse obtained byeldman et al.(2000)
using the Hopkins Ultraviolet Telescope (HUT) ontrAs2, who found 800 + 27 R at 156.1
nm and 1500 = 50 R at 156.7 nm. These numbersalie¥er include the contribution of the
blended CO (A-X) Fourth Positive emission blendeithwhe carbon lines at the HUT

resolution.

Scattering of the solar carbon UV lines largely duates the total source of UV
photons Fox and Paxton2005 and references therein) but photochemicaktsswneed to be

included as well. Resonant lines of carbon, sudhasnultiplets at 156.1 and 165.7 nm, have
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large transition probabilities, so that a detaileddel is needed to describe the multiple
scattering and radiative transfer, that determime inhtensity of the radiation field in the

thermosphere.

New observations of the FUV and EUV emissions ohid& were obtained with the
Ultraviolet Imaging Spectrograph (UVISEg$posito et a).1998) during the Cassini flyby of
Venus. These data were used to study the Fourthivieosystem of CO and the oxygen
emissions at 130.4 and 135.6 nmHbybert et al.(2010). These authors also determined the
intensity of every spectral feature identified e tFUV spectra recorded by UVIS, using a
least squares fit technique guided by spectroscapnstraints. They compared the
observations with a model of the oxygen radiatre@dfer at 130.4 nm and with simple line of
sight integration of the sources at 135.6 nm. Thet@chemical excitation rates used in that
study were computed with the Monte Carlo modelSbEmatovitch et al2007), that had
already been applied to the atmosphere of Venu&dmard et al.(2008) and the radiative
transfer was computed with the model@ifadstone(1985). They found a good agreement
between observation and model results using thesgthere from the VTS3 moddHédin

1983) and including the resonance scattering ofthar OI-130.4 nm line.

Gérard et al.(2010) studied several EUV features of the Venlisawiolet spectra
recorded by Cassini-UVIS and analyzed the OIll 88w Ol 98.9 nm, Lyman-3 + Ol 102.5
nm and NI 120.0 nm multiplets, and the CO C-X aneXBHopfield—Birge bands. The
calculated intensity variation of the CO B—X emissalong the track of the UVIS slit was in
fair agreement with the observations. They alsadbthat the O, Nand CO densities from
the empirical VTS3 model provide satisfactory agreat between the calculated and the
observed EUV airglow emissions. However they fouhdt the O density obtained by
extrapolating the model results Bdx and Sung2001) versus F10.7 was too low to account

for the observationGérard et al.(2011) also modeled the EUV Hel-58.4 nm emissibn o

6
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Venus and compared their results with the obsematif Cassini-UVIS. They again found
that the observations are correctly reproducechbynmodel using the solar Hel-58.4 nm flux
of the EUVAC modelRichards et al.1994) together with the helium density providgdhe

VTS3 model.

In this study, we present the intensity of Cl- 126156.1 and 165.7 nm emissions
recorded with the UVIS instrument along the tratkhe Cassini spacecraft during its flyby
of Venus on 24 June 1999, on its way to Saturn. rHagative transfer of these emissions
through the Venus thermosphere is modeled and cadpaith the observation in order to

constrain the carbon density profile.

2. Observations

The Cassini spacecraft was launched on 15 Octd$f. Dn its long journey to Saturn,
the spacecraft took a gravitational assist to gaergy from Venus on 24 June 1999. The
UVIS instrument on board Cassiritgposito et a).1998) obtained a series of FUV spectra
during this flyby, at a time period of rising solactivity, when the F10.7 solar index was
~214 at Earth distance. During the flyby, Cassgached an altitude of closest approach of
602 km. The spacecraft had to be oriented so that-meter antenna shielded the payload
from the Sun. This required UVIS to look in a diren nearly perpendicular to the Sun-
spacecraft line, so that the phase angle remailosé to 90°. The foot track of the flyby was
detailed byHubert et al.(2010) andGérard et al.(2011). A total of 55 records of 32 s have
been obtained along the track at a 0.34 nm speaesalution. Twenty-two of them showed

dayglow emissions, as the UVIS field of view ineated the illuminated disc of Venus.

The intensities of the many spectral features ptesethe FUV-UVIS channel were

determined using the least squares fit techniqueldped byHubert et al.(2010). The

7
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carbon lines that we want to study here are blerwiéu emissions of the CO™4positive
system at the UVIS resolution. Instead of usingodeolution or a limited well choosen set of
spectral features of known Franck-Condon factorgydo separate the different emissions
present in the UVIS pass-band, our least squaréschiinique constrains the relative intensity
of all the CO-4P emissions having a common uppatestising the Einstein transition
probabilities of the CO-4P bands that are deducenh fthe results oKurucz (1976), thus
including all the Franck-Condon factors of the C®<lystem at once. However, as noted by
Hubert et al. (2010), the intensities of the (vi@nds can be self-absorbed. The least-squares
fit method was thus designed as to determine th@®)(emissions separately, without
constraining it by the Einstein transition parame{ghat include the Franck-Condon factors).
The least squares fit technique thus presents tlvangage of including the additional
spectroscopic information which would not be acdedrfor by a deconvolution technique,
while it also accounts for all the relevant spdaieta and spectroscopic constrains at once to
determine the needed intensities, which would mogbaranteed by a simple method using
the expected relative intensity of a few, well dmsCO-4P bandstigure 1 shows the
observed and fitted intensities obtained for UM@8ard 25, i.e. for the observation having the
smallest possible emission angle along the Cassink. Panel a shows that the observed
spectrum is well accounted for by the fitted spgatbetween 125 and 180 nm. Panel b shows
the contributions of the CO fourth positive syst@daack), oxygen multiplets (red) and carbon
multiplets (greed, from CI and CII transitions) ttee fitted spectrum. In particular, the CI
multiplets at 156.1 and 165.7 nm are detailed imefga c and d, that show that the
corresponding observed spectral features are wplesented by the fitted spectrum, that
includes contributions from both the CO-fourth piesi system and the Cl multiplefBable 1

lists the transitions of main interest that werenitfied in the FUV channel between ~125 and

~180 nm, and included in the fitting process. Altbb the carbon emissions at ~114.1, 115.8,
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119.4 and ~127.8 nm are present in the UVIS pasg, lthey were not analyzed in details due
to the presence of a large number of unresolvezl bliends between carbon transitions and
with emissions from other atoms as well. For exanplore than 20 spectral lines of carbon
exist between 127 and 129 nRe@ader et aJ.1980,Weise and Fuhr2007).Figure 2 shows
the intensity variation of the brightest Cl and @Ghes included in the fitting of the UVIS
FUV spectra between ~125 and ~180 nm. The CI tiansi at 143.2 and 146.3 nm (not
shown inFigure 2) involve two excited states, and are found to heawegligible intensity in
the Venus spectra. As it appears in Figure 1 arfdigare 2 ofHubert et al.(2010), the ClI-
132.9 and CII-133.5 nm multiplets form a singledatdeature in the UVIS pass band, and it
is hard to determine whether the fitted intensiteee fully reliable, despite the small
uncertainties deduced from Poisson noise propagatal chi-square function flatness given
in Figure 2. As already mentioned, the Cl — 127.8 nm signsiillte from the accumulation of
many multiplets. The apparently large intensity tbé 127.8 nm feature does thus not
warranty that one of the multiplets is very brigiself. Moreover, this spectral interval is so
crowded with transitions that obtaining the sotdensity necessary for a detailed modeling is
at least challenging. This spectral feature is toissuitable for further theoretical analysis.
The brightest multiplets at 156.1 and 165.7 nm halveady been used by other authors to
study the thermosphere of Venu&akton 1985 for example). The large brightness of these
lines and the absence of other carbon multipleteat wavelength make them ideal tools for
theoretical analysis. On the other hand, the C26-1 nm transition is much weaker and has
much larger uncertainties, as it obviously app&afsigure 1. However, this spectral feature

is well isolated at the UVIS resolution and wiltalbe included in the simulations.

3. Photochemical model.
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The Monte Carlo model dbhematovitch et a[2010) solves the Boltzmann equation
for the ionospheric electrons of planet Venus usirggochastic method. The electrons can be
produced by solar EUV photons ionizing the neutmalstituents of the Venus thermosphere.
Secondary electrons can also be produced by coiisbetween already present electrons
with atoms and molecules of the gas. The model cbespthe energy degradation of the
photoelectrons and secondaries to obtain the emksgybution function of the electrons. The
rate of electron impact-production and excitatidrth@ upper state of atomic and molecular
transitions relevant to aeronomic observations thien calculated using relevant cross
sections. The photochemical sources of excitatiaiase transitions are thus computed and
made available for further radiative transfer tneznt (or simple line-of-sight integration
under optically thin conditions). The radiative nséer model must however also include
resonance scattering of the solar radiation, whschhe dominant primary source of CI
photons in the thermospheifeok and Paxton2005). The photochemical excitation processes

accounted for in our modeling of the Cl 126.1, 158nd 165.7 nm emissions are

(CO+hz—>C*+O

|CO+e—->C*+O+e

{C02+hv—>C*+20 )
CO,+e—>C*+20 +e

lkC+hJ—>C*

C+e—->C*+e

The photodissociation cross sections of,@@d CO producing the CI 38° and CI 2§
D% are taken fromWu et al.(1978) andWu and Judge(1981). The photodissociative
excitation cross sections of CO and C@e not known for the CI 3¢ state, and this
process has been ignored in the model. Electromadingn CO can produce CI excited in the
3s°P°, 2p° °D° and 3d°F° states. The cross sections for the 165.7 and 15&.Emissions
were obtained by scaling that of the CI-128 nm siais Paxton 1985), with a factor based

on the oscillator strength of these transitioBslfibach and NollezZ1987). The cross section

10
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of Ajello (1971 a) at 127.8 — 128.0 nm has been scaleddingado the oscillator strength for
the 3d°P° state. For the electron impact on £@e energy dependent cross section for the
excitation of the Cl 127.8 — 128.0 nm emissionsdaled to the values at 100 eV for the 3s
3P and 23 °D° states Ajello 1971 a,bShirai 2001). The cross section for the *H state was
scaled from the CI 127.8 — 128.0 cross sectiomraarg to the oscillator strength. Direct
excitation of carbon atoms by electron impact wexduded using the cross sections of

Dunsheath{1997) for the three 3%°, 2p° °D° and 3P states.

The carbon density profile was obtained by scatimg low and high solar activity
density profiles ofFox and Paxton(2005) by the 7 index. Figure 3 shows the carbon
density profile and the calculated photochemicaitation rates of the 126.1, 156.1 and 165.7
nm upper states of carbon, for the condition of th4S record number 25, which has the
most vertical viewing direction of the flyby, andsalar zenith angle SZA= 64.23 deg. For the
transition at 126.1 nm, photodissociation of CO & is neglected, the cross sections of
these processes remaining unknown for the CfRcthannel. Around 150 km of altitude,
electron-impact dissociation of CO and £@ave magnitudes comparable to that of the direct
impact of electrons on carbon atoms, which becothesdominant source above 160 km.
Electron-impact dissociation of GQlominates below 135 km of altitude. Several local
maxima appear below the main peak as a conseqoéiice complex interplay between the
density profile of the dominant species, and thitudle-dependent absorption of solar
ultraviolet and solar X rays emissions that continel photoelectron source. This remark holds
as well for the excitation of the CI-156.1 nm tréings, which is mostly dominated by the
electron-impact dissociation of GOat nearly all altitudes. The other processes are
nevertheless not negligible photochemical sourtes. photochemical excitation of the CI-
165.7 nm transition is dominated by the electropant dissociation of CObelow 135 km,

whereas at higher altitude, this source becomespamble with (and sometimes smaller

11
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than) the photo-dissociation of GQt is important to note that all dissociative iation
processes are exothermal reactions. As a reselprttduced fragments and thus the produced
carbon atoms, mostly have a speed well above teemtl speed. This means that
thermospheric thermal carbon atoms have a smdbighibty of scattering photons emitted by
those newly produced fast carbon atoms. The wématalle these emissions (produced by the
fast carbon atoms) is thus to neglect all radiatigasfer effect on them, and to consider that
the thermosphere of Venus is optically thin to ¢éhebotons, so that a direct line of sight
integration of the calculated emission rate is eeetb simulate the contribution of these
nonthermal sources of photons to the observed @dd%ilS intensity. Only the direct
electron impact excitation of thermospheric carladoms may require a detailed radiative
transfer calculation. This source peaks close ¢éomlaximum of the carbon density (2.6 ¥ 10
cm®) shown inFigure 3d. The density profile of C§) the most important constituent of the

thermosphere of Venus, is also shown for comparison

4. Radiative transfer modeling.

The photochemical sources described above muslinbé included in a full radiative
transfer modeling of these emissions, as explaatmml/e. Only the direct electron impact
excitation of carbon atoms is concerned by thisgaaph. The carbon density is so low in the
thermosphere of Venus that optical thickness isveof large at these wavelengths. Including
a full radiative transfer modeling is neverthelessre accurate, especially for slant views of
the thermosphere, such as for the observing conditof Cassini-UVIS. Moreover, this
allows us to conduct consistent sensitivity testshe carbon density profile, such as those

that we will make to constrain the carbon densitfife.

12
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A full treatment of the radiative transfer of tharlbon emissions at 126.1, 156.1 and
165.7 nm must include scattering of the solar eionssat these wavelengthShine et al.
(1978) have measured the solar spectrum at 156@11165.7 nm at a very high resolution,
resolving the line shape of every line of both npléts. The solar spectrum reveals strongly
reverted broad lines that overlap each other. Rataly, the temperature of the Venus
thermosphere is sufficiently low to neglect thesertaps in the radiative transfer treatment,
all lines being separated from each other by maoppler widths. However, the detailed
shape of the solar spectrum cannot be neglecté radiative transfer model Gfladstone
(1985) assumes line shapes symmetrical aboutribecénter, which can be approximated by
the sum of two symmetrically shifted Gaussian fiomg of same width and magnitude. These
Gaussian functions can be described in terms ofpavameters g¢ and % that quantify the
dispersion of both Gaussians and their offset vadpect to the rest wavelength, expressed in
standard Doppler units at a suitable temperatwset &vas previously done b§ladstone
(1992) for the solar OI-130.4 nm multiplet. The rabdolves the radiative transfer for the
red-shifted wing, thus neglecting any differencentaen blue-shifted and red-shifted photons.
This approximation is fully satisfying in planetaggmosphere, but the non-symmetrical,
blended line shapes measured $yine et al(1978) cannot be used in the model without
adaptation. We constructed symmetrized line shapesit every line of both multiplets that
can be approximated using two Gaussian functions.eWsured that the input flux at line
center was compatible with the actual non-symmaétreshape, so that formally, blue-shifted
and red-shifted photons can be considered as dgniva the radiative transfer treatment, i.e.
that the wavelength-symmetrized radiative tranpfeduces the same intensity as a full non-
symmetrized treatment would do. For the CI-126.1muitiplet, the contribution of each line
of the multiplet to the solar flux was determiney fiiting the SOHO-SUMER spectrum

(Curdt et al, 2001) using Gaussian functions. We found thatrélative contributions are

13
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0.018, 0.123, 0.007, 0.289, 0.417 and 0.146 at082g, 126.1122, 126.1552, 126.0735,

126.0996 and 126.1426 nm respectively.

The total absolute flux of the solar multiplets astimated as follows. First, the relative
contribution of each multiplet to the solar intép®f a broad wavelength interval is estimated
using the SOHO-SUMER spectra ©tirdt et al.(2001). Second, the integrated solar flux of
the same wavelength interval is estimated for #h&eoving conditions prevailing during the
Cassini flyby using the empirical model Wfoods and Rottmaf2002), which is based on an
Fi0.7 proxy. The flux of each multiplet is then estintht®nsidering the multiplet contributes
to the solar spectrum in the same proportion asfthend using the spectrum Glurdt et al.
(2001). This method allows us to estimate the stilar of each multiplet for any solar
activity, and in particular for the conditions diet Cassini flyby (assuming that the ratios that
we estimate are not activity-dependent), despieldiver spectral resolution used Woods
and Rottman(2002). The relative contributions of the CI seiéts to the solar flux are

summarized im able 2.

Table 3 lists the transition parameters used in the ptestedy. The parametergixand
Xoft refer to the dispersion and offset of both Gaumsimctions relevant to each line in the
observed solar spectra symmetrized about the r@gtlength of each particular line. As the
detailed high resolution solar spectrum remainsnomin for the CI-126.1 nm multiplet, the
values of the s and »x parameters are assumed equal to the averagetbedlansition of
the CI-156.1 and 165.7 nm multiplets. CI line§&ble 3 are grouped by upper state, because
the radiative transfer of transitions having a cammpper state must be treated in a coupled
manner. Each multiplet can thus be decomposedansmglet, a doublet and a triplet of
coupled lines. The solar flux relevant of each ipldt, deduced from the model ¥oods
and Rottman(2002) following the procedure described abovedseo be scaled to account

for the distance between the Sun and Venus. The iRdex used in the solar flux proxy

14
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accounts for the Earth-Sun-Venus angle. For corspayithe solar fluxes obtained by
integrating the SOHO-SUMER spectrum@irdt et al.(2001) (obtained for different activity
conditions), across the wavelength interval of nindtiplets after removing the background,
are 1.59 x 18 cm? s at 165.7 nm, 5.30 x 2@m® s* at 156.1 nm and 9.05 x 16m* s* at
126.1 nm. Observations from the Solar EUV Experim@EE) instrument onboard the
Thermosphere lonosphere Mesosphere Energetics wmahiics (TIMED) satelliteWoods et
al., 2000) can equally be used to estimate the shiarat 156.1 and 165.7 nm for observing
conditions similar to those of the Cassini flybyelflux at 126.1 nm cannot be retrieved from
the TIMED-SEE data, apparently due to the presefdbe nearby solar Lymamdine. We
selected SEE solar spectra observed fgr, Fanging between 211 and 217, and we found 8
such observations. The average fluxes computed fhese data are 1.80 x*¥@m? s* at
165.7 nm and 4.60 x 1@m? s* at 156.1 nm. Reminding that the solar irradianieergby
the model olWoods and Rottmaf2002) is considered to be accurate within ~200ihase
fluxes are compatible with each other. The wavdlem@nd Einstein transition parameters
listed inTable 3 are fromFroese Fischef2006). The C@polarisability ofNir et al. (1973)
was used to compute the Rayleigh scattering cexdgoas with the formula given Byhomas
and Stamne$1999). The photochemical excitation rates showfigure 3 are distributed
among the sublevels of the carbon upper state propally to the degeneracy of each sub-
state of the upper state. This is acceptable censglthat the sub-states of a given electronic

upper state only differ by their angular momentsmihat they have very similar energies.

Radiative transfer of the photons of photochemaral solar origins can be calculated
separately, the results being summed up eventdatlycomparison with the observation.
Figure 4 shows the source functions of the CI-165.7 nm iplelt evaluated for the observing
conditions of Cassini-UVIS record number 25, rasgltfrom resonance scattering of the

ultraviolet sunlight. The primary source represehts rate of introduction of photons in the

15
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thermospheric gas. It has two origins in the pressydel: the number of photons emitted per
unit volume and per second by excited carbon atoroduced by the mechanisms listed in
equations (2) on the one hand, and by resonandterseg of incident solar photons on the
other. As already pointed out before, both canréatéd separately. The primary source must
not be confused with the source function of radettransfer, which includes multiple
scattering of photons in (resonance) transitiomsmially, the radiative transfer (RT) source
function is equal to the number of atoms that enphoton per second in a unit volume. The
RT source functions of the doublet and the triphefude the effect of branching between
lines having the same upper state. Both the prirmanyces and RT source functions include a
wavelength and angular dependence which does rmeaapn Figure 4, that shows the
wavelength and angle-integrated primary source BTd source functions. When the
atmosphere is optically thick with respect to thedeed emission, the RT source function can
be several orders of magnitude larger than thegginsource function of that emission. In
contrast, both are equal in a perfectly opticdtiyitcase. As it can be seenkigure 4, the
Venus thermosphere appears as nearly opticallywthien the carbon density profile Bbx
and Paxton(2005) is used, despite the very large Einsteamdition parameters of the

multiplet lines Table 3).

The radiative transfer source function of the splawtons presents its main peak around
140 km, around the maximum of the carbon densibfiler A secondary peak occurs at lower
altitude, corresponding to Rayleigh scattering @fis photons by C® Such a situation is
uncommon in the radiative transfer of resonancessions through planetary atmospheres. It
happens here because the carbon density is smltdve iVenus thermosphere compared with
that of CQ that Rayleigh scattering by G@till plays a (minor) role despite its tiny cross
section. Our result may however be biased by oaraisa symmetrized line profile for each

transition, so that the total solar flux includitige far wings of the symmetrized solar input
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may differ from the actual solar input. We verifigtit ignoring the Rayleigh scattering in the
radiative transfer of all the carbon multiplets slo®t significantly change our results and
analysis concerning the observed and modeled Ga$¥iS intensity (see below). Indeed,
the Rayleigh peak is more than an order of magaitrdaller than the resonance peak, and it
extends across a smaller altitude range, so thepiesents a source of photons much smaller
than resonance scattering of the solar line. Comgawith Figure 3c, it appears that
scattering of sunlight dominates the photochemsralrces of photons, as was previously
pointed out byFox and Paxtorf2005). The column-integrated sources are ligteédhle 4. At
165.7 nm, the resonance scattering of solar photlmmsinates photochemical sources by
nearly a factor 4Figure 5 shows the primary source and the radiative transbeirce
functions of the CI-156.1 nm multiplet. ComparinghwFigure 3b, we notice that the solar
source provides again the most important input leftpns for this multiplet, although the
magnitude of the solar flux at 156.1 nm is abouéehtimes smaller than that at 165.7 nm
(Table 3). After column integration Table 4) we find that the solar source of photons
dominates the photochemical processes by morealtactor 3. The Rayleigh scattering also
produces a secondary peak in the source functayosind ~120 km of altitude. The source
functions of the CI-126.1 nm multiplet are showrkigure 6. The source functions are lower
than that of the CI-156.1 and CI-165.7 nm multipletainly because the solar flux is lower.
In this case, resonance scattering of the solarinlargely dominated by the non-thermal
photochemical sources of photons (which are opyiclin) shown inFigure 3a. After
column integration, the resonance scattering ofstilar 126.1 nm photons only contribute

~7% of the total.

The radiative source functions are not directlyerstable. The CI-165.7 nm intensity
computed along the Cassini track for the UVIS olisgrconditions are shown figure 7a.

Our simulations are expected to be less accuratethe terminator and near the limb. As it
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could be expected based on the source functiom$tesag of solar photons is the most
important radiative process at 165.7 nm. Cleallg $imulated intensity is by far too low
compared with the observation. The discrepancyeas®s at larger solar zenith angles, where
the intensity is higher. In principle, the uncentas affecting the fitted observed intensity
should decrease as the signal to noise ratio dexsedVNe thus rule out a possible
misidentification of the CI-1657 nm intensity astbrigin of the discrepancy. Indeed, our
fitting procedure has revealed efficient for seVetaer emissionsHubert et al, 2010) such
as the fourth positive band system of CO and thgex emissions at 130.4 and 135.6 nm. In
our view, this discrepancy can have two originso@ small solar flux, or a too low carbon
density. We verified that the solar flux used i thresent computation is reasonable by
comparing it with the flux observed by the TIMEDtedlte at similar solar activity. The
carbon density profile thus appears as the prihcigadidate for explaining the discrepancy.
We conducted sensitivity tests by multiplying therbon density profile of the model by
factors ranging between 0.1 and 20. The CI-165.7imtensity computed along the Cassini
track is shown irFigure 7a for several of them. The correction factor to Ippleed to the
carbon density profile changes along the Cassauktr This point will be discussed again
later. Figures 7b and ¢ show the simulated and observed CI-156.1 and 12®.Intensities
along the Cassini track. The same trends appeahése multiplets as for the CI-165.7 nm
multiplet. Resonance scattering of the solar floxdpices the main contribution to the 156.1
nm intensity while photochemical sources providestraf the 126.1 nm photons. However,
the observed intensity at both wavelengths is miacger than that calculated using the
carbon density profile oFox and Paxton(2005), the discrepancy is more severe at larger
SZA and increasing the carbon density may accaurthe discrepancy, the scaling factor to

be applied being larger at smaller SZA.
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The sensitivity of the 165.7, 156.1 and 126.1 nmerisities to the correction factor
applied to the carbon density are showrrigure 8, for the conditions prevailing for UVIS
record 25. The response is clearly non-lineartiert56.1 and 165.7 nm multiplets. For small
carbon densities, i.e. small correction factors, isponse is fairly linear because the carbon
column is optically thin for the photons of the konance transitions, and because none of
the photochemical sources has a nonlinear depeade&rsus [C]. But, as the density is
increased, the atmosphere becomes optically tlic#, the sensitivity of the FUV intensity
versus the carbon density decreases. This isiwglyitnatural: for a strongly optically thick
medium, the solar radiation penetrates down taattieeide where the optical depthroughly
equals 1. This altitude is wavelength-dependend, iarcan be located rather deep in the
atmosphere due to the large broadening of the rtedesolar lines. The photons are thus
absorbed at altitudes where the optical thicknessecenter is very large, and the scattered
solar photons enter the process of optically thazkative transfer with multiple scattering. It
also follows that, for a very optically thick atnpdgere, multiplying the scatterer density by a
factor e ~ 2.72 is more or less equivalent to symgling thet = 1 altitude by 1 scale height,
leaving the rest of the radiative transfer proaesarly unchanged. One can thus expect that,
under optically thick conditions and when the msiurce of photons is the solar input, the
dependence of the observed intensity versus theesmadensity will remain weak, because
most of the solar photons are scattered anywahes@rogressive loss of sensitivity versus
the scaling factor shown iRigure 8a,b. The sensitivity of the CI-126.1 nm emission has a
different dependence than that of the two othettiplats. Absorption of solar radiation plays
a minor role for this emission. When the carbon sitgnis low, the non-thermal
photochemical sources of excited carbon providedihrainant source of photons, but when

the carbon density is increased, the productiom ohtexcited carbon by electron impact is
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similarly enhanced and progressively becomes thmimamt primary source of photons, to

which the Venus thermosphere also progressivelgrnes optically thick.

The correction factor to be applied to the carbensity profile to account for the
Cassini-UVIS observation has been computed fortknee multiplets, for all the UVIS
observation of the dayglow along the Cassini tr&tgure 9 summarizes these results. The
error bars represent thecluncertainty, estimated using the sensitivity o #tomputed
intensity versus the carbon correction factor dreduncertainties on the observed intensities
deduced from our fitting procedure. These uncetitsrinclude the Poisson noise of the data
and the effect of the flatness of the chi-squaretion. The values computed at SZA ~ 11°
are obtained for a slant view of the planet limiheve our model may be less reliable. The
last point of the CI-165.7 nm curve may thus notddable. The correction factors deduced
from the three multiplets are roughly compatibléehweach other, especially at SZAs larger
than 40° where they perfectly agree consideringutheertainties of the results. The reason
why the correction factor deduced from the Cl-15&11 strongly departs from that based on
the CI-165.7 and 126.1 nm multiplets at SZA > 4&hains unclear. However, our analysis
suggests that the carbon density of the Venus thegshere increases at smaller solar zenith
angle. This is apparently logical: a smaller SZApiies a larger incident solar flux, which
increases ionization and photo-dissociative praaes®ne may speculate that a larger SZA
leads to a larger production of carbon atoms bgatistion of carbon-based molecules, and
to an inccrease of the,Qoss rate due to photo-dissociation of that mdéedy solar UV
radiations. In parallel, the production of, ®y photodissociation of CQis increased in
similar proportion (neglecting the variation of th&, density versus SZA). An increased
solar UV flux would also increase the productionoglygen atoms, that can recombine and
form O, molecules in three-body collisions. Triple coliss are slow processes, and in

addition, the general thermospheric circulatio’vehus is characterized by a Hadley cell that
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transports the produced oxygen atoms from the dalyet night side, especially at small SZA,
thus reducing the production rate of @olecules by that process. We thus do not expett t
the @ mixing ratio would be largely dependent on SZAcdese a variation of the solar flux
would similarly impact the loss and main producti@tes of @, leaving the equilibrium
concentration nearly unchanged. A smaller SZA collgs imply a larger production rate and
an unchanged loss rate of carbon atoms, and comstiga larger carbon concentration as
suggested by the observations. A complete threembimonal modeling of the coupled
photochemistry and general circulation of the theesphere of Venus would be necessary to
establish if our proposed speculation is the agemdon of the SZA dependence that we find

for the carbon density.

The density profile oFox and Paxtor{(1985) was computed for a SZA=60°, adjusting
the G density profile to match the carbon density peofleduced bfPaxton(1985). We find
that a factor ~6.5 must be applied to the carbafilprto account for the observation near
SZA = 60°. Our observation and modeling thus suggelscrepancy with the carbon density
profile deduced byPaxton (1985), which stems from the larger solar flux dugs Paxton
(1985). The carbon density deduced frBaxton(1985) puts a constrain on oxygen to carbon
dioxide ratio to be [G)/[CO;] ~ 3 x 10°. For comparison, the model &frasnopolsky and
Parshev(1983) had [G/[CO,] ~ 6 x 10* at ~140 km of altitude, that would produce a 5
times lower carbon loss rate due to reaction (1) thus a five times larger carbon density,
providing that the production rate of carbon wowdmain unchanged. Such a factor is

roughly what we find around SZA = 60°.

The brightest emission being the CI-165.7 nm migtjpone could expect that the
correction factor estimated based on this emissionld be the most reliable. However, the
response of the calculated intensity versus thigotadensity is slightly more non-linear. The

computed 165.7 nm intensity is, in principle, lessisitive to the carbon density than that of
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the other multiplets, at least when the carbon ithens largely increased and the optical
thickness becomes significantly larger than 1. TA&.1 nm emission, as it is modeled in this
study, mostly depends on the electron impact etxaiteof carbon atoms, which is directly
proportional to the density, but its low intengigoduces larger uncertainties. In addition the
detailed line profile of the 126.1 nm solar mukipls unknown, introducting an additional
source of uncertainties. It is thus difficult tatelenine which of the three multiplets is the best
suited for estimating the correction to be appliedthe carbon density profile. The very
different results found at larger SZA values betwé#se 156.1 and 165.7 nm — determined
scaling factors indicate that some elements ssitape our understanding of the carbon
density profile (unless it would result from une@nties on the fitted intensities). One
possibility would be that the shape of the carbensity profile, not only the (peak) absolute
value, would need to be revised. This could sugthedta part of the processes governing the
photochemistry of carbon remains misunderstood.eikample, does transport play any role?
Are all the photochemical cross sections suffidiemtell known, etc. ? Indeed, the SZA-
dependence of the needed correction factor clgaoigts to a photochemical origin of the

discrepancy between the observed and computedsitie) as already explained before.

An observational origin of the discrepancy betwdbe multiplets must also be
considered. The reason why different correctionofacare found based on the CI-156.1 and
165.7 nm emission is illustrated Fkgure 10a, which shows the ratio between the Cassini-
UVIS CI-156.1 and 165.7 nm intensities. This ra@mains fairly stable for SZA > 40°, but it
starts increasing at smaller SZAs. The ratio thatcampute compares well with the value of
~0.5 of Feldman et al(2000) who observed the FUV spectrum of the Vetigk using the
Hopkins Ultraviolet Telescope (HUT), but who didtmesolve the blend with the CO Fourth
Positive band system. However, the tendency foumdSZA < 40° points to a consistent,

regular increase despite the uncertainties onnfemsity ratio. By contrast, the CI-126.1 / CI-
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165.7 nm intensity ratio remains stable over theleICassini-UVIS track. One could argue
that the fitted intensity of the multiplets shownRigure 2 would have uncertainties larger
than that estimated from the Poisson noise andaulnmre flatness because of the blend with
the CO fourth positive band system at the UVIS iawvgth resolution. This could be the
reason of the different scaling factors that weugedfor the carbon density based on the ClI-
165.7 and 156.1 nm intensities at SZA < 40°. Iltemtheless remains that, at smaller SZA
values, the results found for the three multipleassistently show that the carbon density
profile must be significantly increased by a faaiprto ~10 to account for the observations.
In addition, the fitted intensity profiles shown kingure 2 have the same shape, and mostly
differ through the magnitude of the intensity scafdter scaling to unitless values (by
dividing each curve by its average along the trdakexample), all the so-obtained relative
intensities appear nearly superimposable, as showigure 11. Even the relative intensity
of ionized carbon does only slightly differ fromote of atomic carbon multiplets. It naturally
follows that all these emissions share a similaA-8pendence. This is understandable
because the ultraviolet solar flux at the top of atmospheric column strongly drives all the
photochemical processes in that column at day tifiéing a line through the estimated
carbon scaling factors (including the three emissjpwe could verify that the discrepancy
between low SZA values rather appears as a digpeiound the fitted line: indeed,
including values for SZA above 39 Deg or not ginearly the same fitted lines. The natural
conclusion then remains that the carbon densitfilprearies versus SZA at a nearly linear
rate that can be fitted for the Cassini flyby t0.23 Deg". It would thus also appear natural
to infer from the observation that the carbon pbb&mistry of Venus is nonlinearly sensitive
to the solar input. Further detailed modeling af fthotochemistry of the thermosphere of

Venus, including the mixing ratio of Owill be needed to understand that sensitivity.
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5. Conclusion

The dayglow intensity of the CI multiplets at 1261656.1 and 165.7 nm has been
measured and spatially resolved across the Vemsasuding the UVIS instrument during the
Cassini flyby of the planet. The intensity of themmissions has been modeled including
photochemical sources and resonance scatteringlafradiation. The carbon density profile
was taken from the model ¢fox and Paxton(1985). We find that the ratio between the
observed 156.1 and 165.7 nm is compatible with iptsvobservations obtained with the
HUT instrument. A significant discrepancy is foubdtween the observed and modeled
intensity of the three multiplets, that we attriowid a too low carbon density. The scaling to
be applied to the carbon density profile to accdanthe observations of the three multiplets
consistently varies from ~2 at SZA~80° to ~10 fatAS45°. At smaller SZA values, the
156.1 nm emission suggests scaling factors reaasnguch as 20 while the 126.1 and 165.7
nm multiplets indicate scaling factors around 1RisTinternal discrepancy between emissions
remains to be explained and appears as a scattercha mostly linear dependence. All three
analyzed multiplets nevertheless show a clear aggree at larger SZAs that points to a
photochemical origin of the SZA dependence thatfwwd for the carbon density in the
thermosphere of Venus. The larger carbon densaywie infer from the Cassini-UVIS FUV
data also implies that the mixing ratio of {3 lower than previously thought, but this ratio

does not necessarily need to vary versus SZA toustdor the observations.
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649 Tables
Emission Wavelength
(upper and lower state) (nm)

CO (A — X) Fourth positive system 130 - 200

Ol (2€2p°(*S°)3s°S° — 252p" °p) 130.4

Ol (282p°(“S°) 35°S° — 252p" °P) 135.6

Cl (282p 3d°P° — 252p* °P) 126.1

Cl (252p3d°D° — 22p° °P) 127.8

Cl (2s2p °P° — 252p°°P) 132.9

Cl (2s28(*P)3s°P — 252 °S°) 143.2

Cl (252p3d'F° — 2p° 'D) 146.3

Cl (2520 °D° — 252p° °P) 156.1

Cl (282p3s°P° — 2527 °P) 165.7

Cll (2s2F °D — 252p?F°) 133.5
650
651 Table 1. List of emissions explicitly included ihet fitting procedure of the UVIS

652 spectra between 125 and 180 nm.

653
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_ Amin Amax Relative
Multiplet (hm)  (nm)  contribution
Cl (252p 3d°P° - 2€20°°P) | 155 199 0.018
Cl(2s20°D° - 2€2p°°P) | 152 160 0.0508
Cl (282p3s°P — 282P°°P) | 153 168 0.109

Table 2. Relative contribution of the CI multiplets the solar flux in wavelength

intervals determined bymin andAmax allowing to estimate the Cl multiplet fluxes frdiow

resolution solar spectra.
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. Ay Xdiss Xoff Oco, Fo
Transition — ANM) | 157l (sdu)  (sdu) (10%cm?) (ph e sY
PP 165.7907| 34.7 13259 11.514 6.57
’p-°P,  165.6267| 8.72 13.200 13.696 6.79
PP,  165.7008 26.1 13.400 12.526 6.69 1.89 x 10°
3p-°P,  165.6929] 11.6  13.742 10.642 6.70
%p3P,  165.7379] 8.66 20.384 17.545 6.64
’p,-°P,  165.8121| 14.4 20.612 20.361 6.54
%p,°D;  156.1438 11.7 11.611 13.341 30
’p-°D, 156.0682| 8.82  12.046 13.305 30
%p,-°D, 156.1340, 2.93 12.126 12.871 30 6.37 x 16
’p-°D;  156.0309| 6.54 13.118 13.883 30
%p-°D;  156.0709] 4.89 11.719 12.986 30
%p,-°D;  156.1367| 0.325 11.966 13.656 30
%P, 126.0927| 18.1  14.015 13.861 29.7
3PP, 126.1122] 4.0 14.015 13.861 29.9
’p,-°p,  126.1552| 13.4 14.015 13.861 30.2 1.57 x 18
PP, 126.0735 5.70  14.015 13.861 29.6
’p°P,  126.0996| 4.68  14.015 13.861 29.8
3p,3P, 126.1426| 7.51 14.015 13.861 30.1

Table 3. Atomic parameters and solar fluxes usedermodeling of the CI multiplets at

126.1, 156.1 and 165.7 nm. The Einstein coeffisieNj are all very large, so that optical

thickness can become large, even at rather lowooadknsities. The solar fluxIs given for

the total sextuplets, at 1 AU. The parameters efGlaussian functions are given in standard

Doppler units at a reference temperature of 508uitable for the Venus thermosphere. The

Rayleigh scattering cross sectiogo, is computed using the polarizability of Nir et al.

(1973). The transition parameters are from WeiseRarhr (2007).
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126.1 nm 156.1 nm 165.7 nm

Solar (cn¥s?) | 3.17x18 6.42x16 1.60x 16

Photochemical
(cm?sY

ratio 0.07 3.16 3.84

48x160 2.03x10 4.17x10

Table 4. Column-integrated sources of photons ef@h 126.1, 156.1 and 165.7 nm
multiplets in the Venus thermosphere, calculatedte observing conditions of the Cassini-
UVIS record 25. The solar source comes from therrasce scattering of the solar photons,
photochemical sources include the thermal and hemtal emissions, and the last line gives

the ratio of these two
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679 Figure 1. Observed (dotted lines) and fitted (dddhmees) UVIS spectrum obtained with a
680 minimum possible emission angle (Pannel a). Pamsabws the contributions of the fitted
681 CO-4P bands (black), Ol (red) and CI (green) mldtgpto the total fitted spectrum. The

682  bright Cl multiplets at 156.1 and 165.7 nm are \gejparated from the surrounding CO-4P
683 spectral features, as it can be seen in paneld d ahowing a zoom of panels a and b

684 respectively, on the wavelength interval that costéhe brightest Cl transitions. Theat2

685 error bars of the brightest feature (the 130.4 mggen multiplet) and of the signal nearby the

686 carbon emissions are also shown.

687
35



688
689

690

691

692

693

Carbon UV 1/06/2012

oob CI-126.1 nm ] t CI-127.8 nm
= i ~ 03fF ]
% .08} 1 8
2 [ 2 [
£ 0.06F 1 g o02fF g
E E f
0.04F 1
0.1F E
0.02F -
0.00( A1 P 1;‘. 1 1 1 L 1 L 1 0.0 E D 1
97 97 94 88 79 73 64 57 47 39 26 11 00 97 97 94 88 79 73 64 57 47 39 26 11 00
SZA (deg) SZA (deg)
025 [ T T T T T T T T T T T ] 25 - T T T T T T T T T T T =
() (d)
020F CI-132.9 nm ] 20F CI-156.1 nm i
2 ousf 1 % 15t ]
z z |
& 0.10F 1 E 1ofp .
0.05F 1 05F ]
0.00L L 000 !
97 97 94 88 79 73 64 57 47 39 26 11 00 97 97 94 88 79 73 64 57 47 39 26 11 00
SZA (deg) SZA (deg)
4_— T T T T T T T T T T T -3 T T T T T T T T T T T
(e) ()
CI-165.7 nm 04F CII-133.5 nm E
3F . : .
%0t % 03 :
Z ot LI
2 g
2 s L 02F r
S =
L ] Z
i 01F 3
0: 1 LS| 1 L 1 1 1 1 1 1 00E AP | L 1 1 1 1 L 1 1
97 97 94 88 79 73 64 57 47 39 26 11 00 97 97 94 88 79 73 64 57 47 39 26 11 00
SZA (deg) SZA (deg)

Figure 2. Intensities of the brightest CI (at 124, 127.8 -b-, 132.9 -c-, 156.1 -d- and
165.7 -e- nm) and CIl (at 133.5 nm -f-) FUV muléfd recorded between ~125 and 180 nm
along the Cassini-UVIS track, plotted versus th&arsaenith angle of the emitting layer
observed by UVIS. Cassini crossed the morning teauor (SZA~90°) and moved towards

the planetary bright limb where larger intensites recorded.
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695 Figure 3. Photochemical production rates of theengpate of the Cl 126.1 nm (a), ClI

696 156.1 nm (b) and CI 165.7 nm (c) transitions, corag@udor the observing conditions of UVIS
697 record 25. TheVTS-3 CLand reference C density profiles adopted in thdehare shown in

698 panel (d).
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Figure 4. Primary source and RT source functiontr@d CI-165.7 nm multiplet,
computed for the observing conditions of CassinitBVecord 25, resulting from resonance
scattering of sunlight. Thin lines represent thenpry sources, thick lines the RT source
functions. The multiplet is decomposed into threenponents, grouping lines having the
same upper state (which are added together itigise), i.e. a singlet, a doublet and a triplet

of lines.
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Figure 5. Primary source and RT source functiontr@d CI-156.1 nm multiplet,
computed for the observing conditions of CassinilB\fecord 25, resulting from the
scattering of the solar light. Thin lines repredtet primary sources, thick lines the RT source
functions. The multiplet is decomposed into threenponents, grouping lines having the
same upper state (which are added together itigjie), i.e. a singlet, a doublet and a triplet

of lines.
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Figure 6. Primary source and RT source functiontr@d CI-126.1 nm multiplet,
calculated for the observing conditions of CasklWitS record 25, resulting from the
scattering of the solar light. Thin lines repredtiet primary sources, thick lines the RT source
functions. The multiplet is decomposed into threenponents, grouping lines having the
same upper state (which are added together itigise), i.e. a singlet, a doublet and a triplet

of lines.
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Figure 7. Observed (diamonds)

f

(@]

and calculated (solid line) intensity
the CI-165.7 (a), 156.1 (b) and 126.1
(c) nm multiplets, along the Cassini
track. Calculations have been carried
out for the Cassini-UVIS conditions
using the carbon density profile Bbx
and Paxton(2005). The total 165.7 and
156.1 nm intensity (solid line) is
dominated by the contribution of the
resonance scattering of sunlight (short
dashes) which dominates that of the
photochemical sources (dotted lings).
The CI-126.1 nm intensity is dominated

the non-thermal photochemigal

by

sources, which are optically thjn
sources (dash-dot-dot, panel c). The
sensitivity of the computed intensities
versus the carbon density is illustrated
by the long dashes, obtained for several
scaling factors applied to the original

carbon density profile.
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Figure 9. Carbon density scaling factor estimatedgthe Cassini track from the UVIS
observation and modeling of CI-165.7, 156.1 and .l26m multiplets. Calculations
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uncertainties obtained using the sensitivity of twemputed intensities versus the carbon
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743 Figure 10. Ratio of the observed Cassini-UVIS C#8.15nm (a) and CI-126.1 nm

744  intensity over the CI-165.7 nm intensity observihg the UVIS foot track
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