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Abstract 
 
We present aeronomical observations collected using remote sensing instruments on board 

Venus Express, complemented with ground-based observations and numerical modeling. 

They are mostly based on VIRTIS and SPICAV measurements of airglow obtained in the 

nadir mode and at the limb above 90 km. They complement our understanding of the behavior 

of Venus’ upper atmosphere that was largely based on Pioneer Venus observations mostly 

performed thirty years earlier. Following a summary of recent spectral data from the EUV to 

the infrared, we examine how these observations have improved our knowledge of the 

composition, thermal structure, dynamics and transport of the Venus upper atmosphere. We 

then synthetize progress in three-dimensional modeling of the upper atmosphere which is 

largely based on global mapping and observations of time variations of the nitric oxide and O2 

nightglow emissions. Processes controlling the escape flux of atoms to space are described. 

Results based on the VeRA radio propagation experiment are summarized and compared to 

ionospheric measurements collected during earlier space missions. Finally, we discuss 

unsolved and open questions generated by these recent datasets and model comparisons.  
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1.  Introduction 
 

The aeronomy of a planet with an atmosphere covers all phenomena related to the interface 
between the planet deep layers and the radiation to deep space. It is therefore a region of 
transition, where radiation effects dominate and transfer of energy implies multiple 
phenomena. Despite studies since the beginning of the space era for the Earth, and then Venus 
and Mars, followed by Giant Planets and other outer system objects, decades of theoretical 
and observational work have not solved some of the most fundamental questions, like the 
temperature of the exospheres or the details of the mechanisms for non-thermal escape. This 
led pioneers in the field like Andrew Nagy to baptize the upper atmosphere layers, usually 
referred as the mesospheres, an “ignorosphere” (e.g., Shunk and Nagy, 1980.) Through the 
analogies between planets, at least between terrestrial planets on one side, Giant Planets and 
Titan on the other side, deep studies of Venus will serve future investigators for other planets 
in deciphering the physical and chemical mechanisms at work. Among the phenomena under 
study, the connection between dynamics, radiative transfer, chemistry and photochemistry is 
the most important input in recent approaches, facilitated by improvements in computing 
facilities, and laboratory data. In particular, early 1D modeling with transport parameters 
simplified to eddy diffusion coefficients used in early works (e.g. Krasnopolsky, 1986), are 
now completed by 3D Thermospheric Global Circulation Models, with a much deeper 
understanding of the complexity of phenomena.  

Venus is a good terrain of exercise for testing such models in a complete way. Firstly, the 
knowledge of its atmosphere has been obtained continuously for more than 40 years, despite a 
long interruption of atmospheric space mission between the Galileo flyby and Venus Express. 
Secondly, Venus is – beyond Earth, the densest atmosphere to test the model. It can also be 
seen as a prototype of a class of exoplanets, Mars and Earth being probably more marginal 
and rarer cases. 

In terms of photochemistry, the aeronomy layers are essential parts of the chemistry of 
an atmosphere: on Titan for example, aerosols are built from ion chemistry in the ionosphere 
and photochemistry below, and the composition of the bulk atmosphere is strongly affected 
by these layers. Giant planets’ upper atmospheres present similar phenomena, as shown for 
Saturn by Cassini observations. Not even mentioning the ozone layer of Earth, of vital 
importance for our planet, Martian chemical stability is ensured from CO recycling by 
aeronomic processes. 

With no intrinsic magnetic field, Venus does not provide localized phenomena associated 
with auroral processes like the Earth; nevertheless, particle precipitations associated with 
photochemistry in the upper atmosphere are present, and relevant to similar problematics. 
Some fundamental questions related to aeronomy are, beyond the knowledge of composition, 
structure and dynamics of the upper layers:  

- How is the energy transfer proceeding? 
- What are the detailed mechanisms of escape processes? 
- What influence the processes have on the deeper circulation and/or composition? 

These questions will be addressed in this chapter.  
The importance of O2 emission as a tracer of the activity of Venus has been 

anticipated since the first detection by Connes et al. (1979) – the model proposed for the 
interpretation (night side emission from the circulation of O atoms in a diurnal circulation) 
has been remarkably confirmed by further observations. A recent field of development is the 
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non-LTE observations of molecular emissions, in particular in CO and CO2.  Such emissions 
have been observed for a long time from ground-based (as reviewed in Krasnopolsky, 2014a) 
or space (López-Valverde et al., 2007). They were for a long time considered as a 
complication in planetary radiative transfer precluding inversion of spectra for composition or 
thermal measurements. CO2 non-LTE emission is now used as another tool for planetary 
scientists to sound the mesospheres of planets, although the associated diagnostics are more 
complex to derive than from LTE emissions.  

A powerful method for sounding ionosphere and upper atmosphere since the early 
space exploration is the radio-occultation method: Venus Express has allowed during its long 
life in orbit around Venus a rebirth of this old method with results spanning the thermal 
profiles at various latitudes of Venus at unprecedented vertical resolution. 
Combining these new results of Venus Express with previous observations, and new 
modeling through powerful 3D chemical- dynamical models gives a new panorama of the 
upper atmosphere of Venus. This introduces not only a deeper knowledge of the sister planet 
of the Earth, but also to a better understanding of the underlying mechanisms. It paves the 
way of future extrapolation to exoplanets where Venus is probably a prototype of an 
important class of objects around other stars. 
	
2. Aeronomic processes and airglow observations 
 

Aeronomic and airglow processes in the Venus upper atmosphere and developments 
based on laboratory measurements and observations from space missions have been 
previously reviewed in several articles and books. Chapter13 by von Zahn et al. (1983) in the 
first Venus book provided a detailed introduction to the Venus aeronomy and the advances in 
this field generated by the Pioneer Venus mission. A non-exhaustive list of later reviews 
published before and during the Venus Express era includes Fox and Dalgarno (1979), Paxton 
and Anderson (1992), Fox and Bougher (1991), Fox (1992), Huestis et al. (2008), et al. 
(2008), Krasnoplolsky (2011, 2013), Bhardwaj and Jain (2013). Remaining key questions in 
the field of the aeronomy of the upper atmosphere preceding the Venus Express mission were 
reviewed by Witasse and Nagy (2006) and Bougher et al. (2006). We first summarize the 
processes leading to airglow emissions, followed by a review of recent spectral observations 
of the Venus day and night airglow from the extreme ultraviolet to the infrared. 

 
2.1 Airglow processes 
 

Airglow of neutral species may be produced by different photochemical processes 
leading to the formation of an excited atom or molecule denoted by an asterisk: 
 
1. Resonant scattering (or fluorescence)  
 
A + hn à A*  or 
AB + hn  à AB* 
 
2. Photodissociative excitation 

 
AB + hn  à A* + B    or 
AB + hn à A + B*   
 
3. Photoelectron impact 
A  + ef  à A* + ef  or 



	 5	

AB + ef à A* + B + ef 
 
4. Photoelectron dissociative excitation 
 
AB + ef  à A* + B + ef   or 
AB + ef  à A + B* + ef 
 
5. Dissociative recombination 
 
AB+ + eth à A* + B 
 
6. Exoenergetic chemical reaction 
 
B + C à A* (+ D)  
 
where A* (or AB*) denotes an excited atom (molecule), hn a solar photon, ef an energetic 
(generally photo-) electron and eth a thermal electron. A detailed description of photochemical 
processes in CO2-dominated atmospheres was given by Fox (1992). In this section, we 
summarize some of the recent experimental results in different spectral ranges from the 
extreme ultraviolet to the infrared. 
    
2.2 Extreme ultraviolet  
 

Ultraviolet spectra of the Venus dayside were reviewed by Paxton and Anderson 
(1992). Bertaux et al. (1981) reported measurements of the HI 121.6 nm, HeI 58.4 nm and OI 
130.4 nm emission obtained by two EUV spectrophotometers during the Venera 11 and 12 
Venus flybys in December 1978. Further observations of the EUV dayside emissions between 
82.5 and 111 nm were made by Stern et al. (1996) from a rocket-borne spectrograph at a 
spectral resolution of 0.64 nm. The disk intensities of the OI, OII and HI emissions were 
found to be about half of those reported from the Galileo flyby in February 1990 (Hord et al., 
1991). They identified an emission near 110 nm as the (0,0) band of the CO (C-X) emission 
normally near 108.8 nm. Previously unidentified NII emissions were also observed. No 
signature of argon emission was positively identified near the resonance lines at 86.7 nm, 
104.8 nm or 106.6 nm. 

Spectra and global disk intensities of the dayside of the planet were obtained with the 
Hopkins Ultraviolet Telescope (HUT) on board the Space Shuttle ASTRO-2 mission on 13 
March 1995 by Feldman et al. (2000). The spectral region from 82 to 184 nm was observed at 
a spectral resolution of ~0.4-0.45 nm. This spectral range is dominated by the CO Fourth 
Positive bands, the OI multiplets at 135.6 and 130.4 nm and the CI multiplets at 156.1 and 
165.7 nm. Several features were identified for the first time such as the CO Hopfield-Birge B-
X transition at 115.1 nm. The brightness of the Fourth Positive CO A-X emission was in 
agreement with a model assuming resonance scattering and the CO column density given by 
the VIRA model. The B-X and the C-X CO bands, the NI 113.4 and 120.0 nm multiplets, and 
the CII 133.5 nm emissions were identified for the first time. This identification confirmed the 
presence of C+ ions in the Venus ionosphere. As expected from the low abundance observed 
by the Pioneer Venus mass spectrometer, no argon emission was detected in the Venus 
spectrum, by contrast to the Mars spectrum. The intensity of the He I line at 58.4 nm was 
determined as ~300 R, consistent with prior measurements from Venera and Galileo. 

EUV spectra at 0.37 nm resolution obtained with the UVIS spectrograph on board 
Cassini during the Venus flyby on June 24, 1999 were analyzed by Gérard et al. (2011a) 
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(Figure 1). The spectral range of the instrument extended from 80 to 190 nm. The projection 
of the UVIS slit scanned the Venus sunlit disk at low latitudes at a phase angle close to 99°. 
The solar activity level was high (F10.7 at Earth distance = 214). It was shown that the 
observed intensity of the OII emission at 83.4 nm is higher than predicted by the model 
described by Gérard et al. (2008a), but that an increase of the O+ ion density relative to that 
usually measured by Pioneer Venus could bring the observations and the modeled values into 
better agreement. The intensity of the OI 98.9 nm multiplet was correctly predicted if the 
previously neglected resonance scattering of solar radiation by O atoms was included as a 
source. The presence of the (0,0) C-X CO band was confirmed. The calculated intensity of the 
CO B-X emission along the track of the UVIS slit was also in fair agreement with the 
observations. The brightness of the NI 120 nm multiplet exceeded the observed values by a 
factor of ~2-3 but the difference was reduced to 30 – 80% if the electron impact on and 
photodissociation of N2 sources of N atoms are considered as optically thin. The authors 
concluded that the empirical VTS3 model (Hedin et al., 1983) provides O, N2 and CO 
densities leading to satisfactory agreement between the calculated and the observed EUV 
airglow emissions.  
Using the Extreme Ultraviolet Spectroscope for Exospheric Dynamics (EXCEED) on board 
Hisaki, Masunaga et al.  (2015) observed the variations of the global brightness of the OII 
83.4 nm, 130.4 nm and 135.6 nm dayglow emissions during three quasi-continuous time 
intervals in 2014. The intensities were somewhat higher than the UVIS values discussed here. 
Several periodicities were identified in addition to the 29-day modulation caused the solar 
rotation effects on the solar EUV input (see section 4.2.1). Additionally, Masunaga et al. 
(2016) pointed out the presence of a 4-day periodicity of the OI 135.6 nm dayglow brightness 
that was dominant on the dawn side of the planet. A proposed mechanism is a 4-day 
asymmetric modulation of the eddy diffusion produced by 4-day periodic variations of the 
wind velocity of the super-rotating middle atmosphere, in the presence of upward propagating 
gravity waves. As a consequence, the O density and thus the 135.6 nm airglow presumably 
exhibit the observed periodicity. Whatever the details of the involved physiqcal processes, the 
authors suggest that the ~4-day periodicity of the dayglow variations reflect the dynamics of 
the super-rotating atmosphere. 
 

 

	
Figure 1: Average EUV dayglow spectrum obtained with the UVIS spectrograph during the 
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Cassini flyby of Venus (black line).  For comparison, the Mars dayglow spectrum obtained 
with the Far Ultraviolet Explorer (FUSE) telescope has been plotted at the spectral resolution 
of the UVIS instrument (red curve). Note the absence of the Ar line at 106.6 nm in the Venus 
spectrum (from Gérard et al., 2011a). 
 

Observations of the He I resonance line at 58.4 nm made with the Extreme Ultraviolet 
Explorer Satellite (EUVE) in April 1998 were analyzed by Krasnopolsky and Gladstone 
(2005). The corresponding helium density was in agreement with earlier in situ and remote 
sensing abundance determinations. They derived a mixing ratio of 9±6 ppm in the lower and 
middle atmosphere of Venus. They argued that the loss of helium is compensated by 
outgassing of helium produced by radioactive decay of uranium and thorium and by capture 
of the solar wind α-particles with an efficiency of 0.1. The surprisingly bright emission of He+ 
at 30.4 nm suggested that charge exchange in the flow of the solar wind α-particles around the 
Venus ionopause is much stronger than in the flow of α-particles into the ionosphere.  The 
brightness of the He 58.4 nm resonance line was measured along the disk during the UVIS 
flyby (Figure 2). The mean disk intensity was ~320 R and the bright limb reached ~700 R, 
slightly higher than those determined from previous observations. The intensity distribution 
along the UVIS footprint on the disk was best reproduced using the EUVAC solar flux 
together with the helium density distribution from the VTS3 empirical model. The dayside 
helium density at the altitude where the CO2 density is 2x1010 cm-3 (~145 km) derived from 
the UVIS observations was close to 8×106 cm−3. These results are in good agreement with the 
Venera dayside observations by Chassefière et al. (1986). Their measurements indicated that 
the density increases at high latitudes above 70°, a possible consequence of the thermal 
structure in the vicinity of the polar collar around 70° of latitude and ~70 km of altitude. The 
helium escape rate at the top of the atmosphere was estimated ~5x105 cm-2 s-1. These different 
sets of observations have confirmed that measurements of the HeI 58.4 nm emission are a 
good tool to probe of the helium density in the Venus upper atmosphere. 

 

Figure 2: Variation of the HeI 58.4 nm airglow intensity along the UVIS foot track on the 
Venus disk (diamonds).  The solid line shows the modeled intensity with the helium density 
from the VTS3 model and the solar flux from the EUVAC solar flux model. The dotted lines 
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show the modeled intensities calculated by scaling the helium density by factors equal to 1/e, 
0.5, 2 and e. The dashed line represents the calculated intensity distribution with the solar flux 
from Woods and Rottman (2002) (from Gérard et al., 2011b). 

2.3 Far ultraviolet 
	

Hubert et al. (2010) analyzed FUV spatially resolved dayglow spectra between 111.5 
and 191.2 nm obtained at 0.37 nm resolution with UVIS during the Cassini flyby (Figure 3). 
They concentrated on the OI 130.4 triplet and 135.6 nm doublet and the CO A–X Fourth 
Positive bands. They compared the brightness observed along the UVIS foot track of the two 
OI multiplets with that deduced from an airglow model where the neutral atmospheric 
densities were taken from the VTS3 model by Hedin et al. (1983). Using the EUV solar 
intensities appropriate to the time of the observation, the modeled intensities agreed with the 
observed 130.4 nm brightness within	 ~10%. The OI 135.6 nm brightness was also reasonably 
well reproduced by the model. It was also found that self-absorption of the (0-v’’) bands of 
the CO Fourth Positive system is important and the derived CO vertical column of …… was 
in close agreement with the value given by the VTS3 model. 

The brightness of the ultraviolet multiplets of neutral carbon at 126.1, 156.1 and 165.7 
nm were determined using along the Cassini track by Hubert et al. (2012). The intensities 
were compared with the results of a full radiative transfer model of these emissions including 
the known photochemical sources of photons and resonant scattering of sunlight. The carbon 
density profile of the Venus thermosphere had never been directly measured. The authors 
found that intensity of the carbon multiplets were substantially larger than the modeled values 
using a C density profile taken from the model by Fox and Paxton (2005), driven by 
observations from OUVS on board Pioneer Venus. They applied a scaling factor increasing 
monotonically with solar zenith angle, ranging from less than 1 to more than 20 to the carbon 
column. They suggested that this discrepancy possibly originates from the photochemistry of 
molecular oxygen to which the carbon density is highly sensitive. This point will be further 
discussed in section 3.5.	

	
Figure 3: Average FUV dayglow spectrum measured during the Cassini flyby of Venus. The 
identified molecular bands belong to the CO Fourth Positive system (from Hubert et al., 2010).  
 

Chauffray et al. (2012a) presented the first limb observations of the CO Cameron 
bands between 180– 260 nm and CO2+ doublet at 289 nm. They were obtained with the wide 
portion of the SPICAV instrument on board Venus Express. The Cameron bands brightness 
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peaks at 137.5 ±1.5 km with a brightness of 2000±100 kR and the CO2+ doublet is maximum 
at 135.5 ± 2.5 km with a peak brightness of 270±20 kR (Figure 4). The temperature near 145 
km derived from the CO2+ bands scale height is 290±60 K. The spectral shape of the Cameron 
bands is similar to that observed on Mars at the same coarse 10-nm resolution. The stronger 
brightness of the Venusian dayglow with respect to the Mars dayglow in the 200–300 nm 
range cannot only be explained by the distance to the Sun and by the difference in EUV solar 
flux at the time of the observations. Chauffray et al. (2012a) argued that the larger abundance 
of carbon monoxide in the Venus upper atmosphere provides an additional intensity 
contribution through the e + CO à CO  (A1P) + e excitation process, compared to Mars 
where this process is considered negligible. This possibility and the uncertainties on the 
excitation cross sections were examined by Bhardwaj and Jain (2013). 

 

 
Figure 4: Limb profile of a) the Cameron bands and b) CO2+ (B-X) bands brightness. The 
vertical scale corresponds to the altitude of the tangent point. The observed signal is saturated 
below 150 km with the binning mode (in red) (from Chauffray et al., 2012a). 
 
The (0,5) and (0,6) bands of the N2 Vegard-Kaplan band system have been identified on Mars 
with the SPICAM-UV spectrometer by Leblanc et al. (2007). Their presence was confirmed 
and the N2 LBH bands were also detected with MAVEN/IUVS (Stevens et al., 2015) but no 
N2 emission has been observed so far on Venus. Fox and Hác (2013) predicted the overhead 
intensities of 17 N2 band systems and limb profiles of the Vegard-Kaplan bands. They 
expected that the Venus N2 emissions are 5.5-9.5 times stronger than those of Mars, as the N2 
mixing ratio is larger in the Venus thermosphere and because the solar flux is about four times 
greater at the orbit of Venus than that at Mars. Bhardwaj and Jain (2012) calculated N2 triplet 
state intensities on Venus about a factor 10 higher than those on Mars. The lack of detection 
of N2 features in the Venus UV spectrum remains currently unexplained. 
 
2.4 Exospheric O and H airglow  

 
Observations of the Lyman-α dayglow from the Venusian hydrogen corona made by 

SPICAV on Venus Express have been analyzed by Chauffray et al. (2012b) to estimate the 
amount of hydrogen in the Venus exosphere. The Lyman-α brightness profiles derived were 
reproduced by the sum of a cold hydrogen population dominant below ∼2000 km and a hot 
hydrogen population dominant above ∼4000 km. The exospheric atom distribution and the 
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implications on the atom escape flux will be considered in detail in section 6.  No observation 
from the SPICAV spectrograph establishing the presence of hot oxygen atoms in the Venus 
exosphere has been published so far. The reader is also referred to the review of evidence 
from earlier observations by Fox and Bougher (1991) and to the discussion of modeling 
results by Futaana et al. (2011). 

 
2.5 Nitric oxide nightglow 
 

Radiative two-body recombination of N(4S) and O(3P) ground-state atoms produces 
chemiluminescent emission of the nitric oxide g (A2S-X2P) and d (C2P-X2P) bands. In this 
process and subsequent radiative cascades only the v’=0 vibrational levels of the A and C 
states are efficiently produced. The structure and distribution of the nightside airglow was 
investigated using the PV-OUVS spectrometer on board Pioneer-Venus (Stewart et al., 1980). 
Extensive observations in the limb and nadir directions were initially performed with the 
SPICAV spectrograph. The altitude distribution of the emission rate and its variability have 
been analyzed by Stiepen et al. (2012).  

The global statistical distribution of the nadir intensity was mapped and confirmed the 
shift of the bright statistical region by 2-3 hours toward dawn, slightly south of the equator. 
Unlike PV-OUVS that provided NO airglow spin-scan images every 24 hours, the SPICAV 
spectrograph (Bertaux et al., 2007) did not generate global images of the Venus nightside. It 
provided spectra at 1.5 or 5 nm resolution in the limb or nadir direction. Statistical maps of 
the NO nightglow were constructed based by co-adding measurements of the total NO 
intensity measured along the nadir line of sight (Stiepen et al., 2013). Limb observations were 
compared with 1-D model outputs (Gérard et al., 2008b; Stiepen et al., 2013) to determine the 
magnitude of the eddy diffusion coefficient. The signature of the C(2P) à A(2S) NO 
transition at 1.224 µm was unambiguously detected with VIRTIS in the Venus nightglow on 
two occasions by Garcia-Muñoz et al. (2009a). This transition populates the A upper state of 
the g bands observed with SPICAM. A branching ratio of 0.32 between the CàA and the  
Cà X transitions was determined from the comparison with the brightness of the FUV NO 
emission, a value mid-way in the range of earlier theoretical and experimental determinations.  
 
2.6 Visible nightglow 
 

Observations of the molecular oxygen visible airglow on the Venus nightside made 
with the visible channel of the VIRTIS spectral imager have been reported by Garcia-Munoz 
et al. (2009b) and Migliorini et al. (2013a). They identified the presence of several (0-v”) O2 
Herzberg II (c1Su -X3Sg) bands and the (0-6), (0-7) and (0-8) bands of the (A’3∆u– a1∆g) 

Chamberlain bands (Figure 5). 
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Figure 5: Average nightglow spectrum observed with VIRTIS in the 350–800 nm spectral 
range. The identified Herzberg II and Chamberlain transitions are marked by the (0–v‘’) 
labels above and below the spectral lines, respectively (from Migliorini et al., 2013a).  
 

These features were first observed from the Venera 9 and 10 spacecraft by 
Krasnopolsky (1983). Migliorini et al. (2013a) obtained limb profiles of the observed bands 
and relative intensities from VIRTIS limb observations. The wavelength-integrated intensities 
of the Herzberg II bands, with v’’ = 7–11, were inferred from the observed spectra. The limb 
intensity is in the range 84–116 kR at the altitude of the peak at 93–98 km. For the first time, 
the O2 a1∆g-X3∑ and the O2 Herzberg II emission were simultaneously investigated with 
VIRTIS-M.  The peak altitude of the O2 Chamberlain bands was found about 4 km higher that 
the Herzberg II bands. These observations led Gérard et al. (2013) to model the vertical 
distribution of these emissions and to re-examine the quenching coefficients of the c1Su and 
A’3∆u O2 levels by CO2 and O. The visible O2 nightglow was also imaged with the Venus 
Monitoring Camera (VMC). Garcia-Muñoz et al. (2013) presented conclusions in agreement 
with the spectral VIRTIS spectral images. 

The O(1S→1D) green line at 557.7 nm was initially detected in the Venus nightglow 
by Slanger et al. (2001) with the HIRES spectrograph on the Keck I 10-m telescope. They 
measured a brightness ∼150 R. The O(1Dà3P) red line at 630.0 nm was not observed. The 
spectra also showed ∼700 R of Herzberg II bands and ∼120 R of Chamberlain bands. The 
oxygen green line was absent in the same spectral region in 1975 in the Venera 9 and 10 
observations (Krasnopolsky et al., 1983). Subsequent observations confirmed the presence of 
the green line, but the intensity was very variable (Slanger et al., 2006, 2012), including 
periods when it was not discernible. This strong variability was interpreted as a signature of a 
strong control by solar activity, suggesting a possible ionospheric origin of the emission 
(Slanger et al., 2012). Fox (2012) noted that if the oxygen green line has an ionospheric 
source, the energy of the precipitating electrons should be high enough to allow them to 
penetrate below 150 km, so that the green line is excited but the 630.0 nm red line is 
collisionally quenched. The green line was detected again for the first time since 2004 by 
Gray et al. (2014) who suggested that energetic particle precipitation is the main contributor 
to the nightside 557.7 nm emission (see section 2.9).  

 
2.7 Infrared dayglow 
 
2.7.1 Solar fluorescence and non-LTE modeling  
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  The interest in the infrared part of the Venus dayglow was largely triggered by the 
discovery from ground based telescopes in the seventies of a strong emission at 10 µm in the 
upper atmospheres of both Venus and Mars (Johnson et al, 1976; Mumma et al., 1981). In 
contrast to the UV airglow, direct solar absorption in the IR part of the spectrum usually 
excites ro-vibrational states in the ground electronic state of the atmospheric species. 
Cascading of the initial excited state complicates the analysis because of the competition 
between radiative relaxations in several possible transitions and collisional quenching. 
Theoretical models of the key CO2 vibrational states were specifically developed to explain 
this 10-µm emission (Deming et al., 1983; Gordiets and Panchenko, 1983). Later 
developments ended up with more generic models able to explain the 10-µm emission but 
also included many more CO2 and CO infrared bands and vibrational levels, all of them in 
competition with exchanges of vibrational energy during vibrational-translational and 
vibrational-vibrational collisional processes (Stepanova and Shved, 1985; Roldan et al, 2000). 
For a detailed discussion of non-LTE models in the IR in planetary atmospheres, the reader is 
referred to the work by López-Puertas and Taylor (2001). The non-local thermodynamic 
equilibrium models (non-LTE) are handy tools to analyze many IR emissions in a CO2 
atmosphere like that of Venus, but have to handle several difficulties, normally with diverse 
approximations and iterations. One of the difficulties is the uncertainty in collisional rates 
among many states, specially isotopic and high energy states. Another one is that strong 
radiative transfer among multiple layers in thick atmospheres with varying composition and 
temperature require detailed calculations in many ro-vibrational bands. In addition there is the 
inherently non-linear problem of radiation-matter interaction: radiative heating and cooling 
rates, which are dependent on the thermal state, affect such a state. Many of these model 
predictions remain untested in the case of Venus due to the lack of systematic observations in 
the IR until recently. One space experiment in the pre-Venus Express era which measured the 
spectral and altitude shape of the strong daytime infrared emissions of CO2 at 4.3 µm was the 
NIMS instrument on board the Galileo mission. During the Galileo flyby of Venus in 1993 
NIMS acquired the first atmospheric IR spectra of our neighbor planet in a limb viewing 
geometry at these wavelengths (Figure 6, upper left panel). The spectra, at a low-moderate 
resolution showed a single-broad-maximum emission centered at 4.32 µm which remained 
inexplicable until a decade later, when López-Valverde et al. (2007) revised and extended the 
non-LTE model of Roldan et al (2000) with many more levels and bands. A large number of 
hot and combination bands contribute to the limb emission, whose convolution produces the 
broad feature centered at 4.32 µm (Figure 6, bottom-left panel).   
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Figure 6: measurements of Venus in the 4.3 µm region taken by NIMS/Galileo, at different 
tangent altitudes, indicated in km. Altitudes higher than 125 km are shifted by 4x105 radiance 
units for clarity. Top-right: schematic diagram of CO2 levels included in the non-LTE model 
used to explain the data; names of bands and states follow López-Valverde et al, 2007). 
Bottom-left: contributions from different CO2 IR bands to the total simulated limb emission at 
a tangent altitude of 110 km; band names are as in the top-right panel. Bottom-right: effect of 
increases of the collisional V-V relaxation of high energy states by factors 2 and 10 on the 
emitted limb spectra for two different reference atmospheres (black and red) with different 
densities at 110 km (from López-Valverde et al, 2011a). See text.  
 

Another feature in the NIMS spectra that appeared surprising in view of the model 
results, and later confirmed with VIRTIS/Venus Express measurements, is the large emission 
observed around 4.45 µm (or 2250 cm-1). Not many CO2 bands contribute there, except for 
some isotopic (636) bands. The broad and weak emission around 4.45 µm is also present in 
Martian spectra obtained by PFS and OMEGA. López-Valverde et al. (2011a) proposed a 
revision of some uncertain rate coefficients in current non-LTE models, like the vibrational-
to-vibrational relaxation of high energy states. This rate is uncertain by at least a factor 2 or 3 
and they proposed to increase their value. The effect is to increase the quenching and reduce 
the radiative relaxation in the hot bands that produce the central emission. This solution has 



	 14	

the merit to make the relative importance of the isotopic bands around 4.45 µm (2247 cm-1) 
larger in both planets, as shown for the case of Venus in Figure 6 (bottom-right panel).  
 
2.7.2 Recent observations of CO2 infrared emissions  
 

The more recent and extensive observations of CO2 fluorescence in the IR are those of 
VIRTIS on board Venus Express. However, observations from the ground at very high 
spectral resolution have also permitted deducing temperatures and winds in the upper 
mesosphere of Venus. We first review this dataset.  
  
2.7.2.1   Ground based observations at 10 µm  
 

Heterodyne spectroscopy at 10 µm continues to be a useful tool to explore the 
atmospheres of our neighbor planets Venus and Mars. This technique offers the possibility to 
achieve spectral resolutions as high as 107, separating individual rotational lines of CO2. 
When a suitable number of rotational lines can be obtained simultaneously, the atmospheric 
temperature can be obtained from the rotational structure of the band. USE of linewidth to 
determine temperature (reviewer #1) ? From the Doppler shift of the line cores it is also 
possible to deduce the atmospheric winds (the component along the line-of-sight).  Figure 7 
shows a portion of the P-branch of the CO2 band at 9.4 µm, with up to 9 rotational transitions. 
Similar measurements are possible at Mars although their emission strengths are smaller. The 
figure also shows a model simulation by López-Valverde et al (2011b) which illustrates how 
the emission varies a lot with two key observing angles, the solar zenith angle (SZA) and the 
emission angle. The emission obviously decreases at high SZA as the solar flux is reduced, 
while it increases with the emission angle (from a pure nadir sounding to a nearly limb 
tangent view) as the optical path is larger and the lines are not saturated (optically thin 
regime).	

A major advantage of these ground-based observations is the possibility to perform a 
global-scale sounding of the planet during a brief campaign, giving an almost instantaneous 
view of the planetary wind or temperature structure. One disadvantage is that they only permit 
the sounding of a fixed pressure level in the atmosphere, around 10-3 mb (López-Valverde et 
al., 2011b). This layer is located around 110 km according to the VIRA daytime reference 
atmosphere. Caution needs to be taken when interpreting these 10 µm data in view of global 
circulation model predictions, because that fixed pressure layer may vary in altitude with 
latitude and time (Gilli et al., 2015). 	
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Figure 7 Left panel: Portion of the P-branch of the CO2 9.4 um band observed at Venus with a 
resolution better than 1 MHz with HIPWAC at NASA/IRTF in Hawai (after Sonnabend et al., 
2008). Right panel: non-LTE simulation of a typical line (P42 of the same CO2 band) showing 
absorption and emission characteristics varying with the solar zenith angle and with the 
emission angle (after López-Valverde et al., 2011b).  
 
	

2.7.2.2   VIRTIS/VEx observations at 2.7 µm and 4.3 µm 
 

Most of the VIRTIS observations of the CO2 daytime emissions in the IR were made 
since the beginning of the nominal Venus Express mission in 2006 up to well into the 
extended mission (2011). VIRTIS is a dual instrument with two components in the infrared: 
VIRTIS-H, an echelle spectrometer covering the 2-5 µm range at a moderate resolution 
(R~1200) and VIRTIS-M, a mapping spectrometer from 1 to 5 µm at a lower resolution 
(R~200). Due to its higher spectral resolution, most analyses of the non-LTE CO2 emissions 
have focused on VIRTIS-H data so far (Gilli et al., 2015). Sampling of the vertical limb 
emission with VIRTIS-H was performed mostly at random, with a few points per orbit.  
During a limited number of orbits, inertial pointing was performed near pericenter, so that 
vertical sampling was close to 1 km, although at large horizontal displacements. VIRTIS-M 
maps on the other hand, permitted vertical sampling in the limb portion of the image at its 
pixel-size resolution, which varies significantly depending on the very variable distance from 
Venus Express to the planet (Gilli et al., 2009). Figure 8 shows diverse mapping of the CO2 
4.3 µm emission during daytime from VIRTIS-M, with focus on the limb part. Around the 
pericenter the VIRTIS-M “spectral mode” was used, obtaining only one row of spectra 
instead of a 2-D image (as shown in the bottom-right panel). With a typical noise level around 
5000 mW m-2 sr-1 µm-1, Figure 8 shows that good vertical profiles are available up to about 
150 km (without averaging) in the center of the 4.3 µm emission band during pericenter.  

Other emissions from CO2 are also visible in the VIRTIS-H data, in particular those at 
2.7 µm. As predicted by models (López-Valverde et al., 2007), this signal is much weaker and 
suitable averaging is required to obtain spectra above noise levels. Still, a few vertical profiles 
were built by Gilli et al (2009) using both VIRTIS-H and VIRTIS-M data. They peaked near 
the 0.1 µbar level (115 km in the VIRA daytime reference atmosphere), in agreement with the 
model predictions. Originated after solar fluorescence from the same CO2 excited states than 
some of the 4.3 µm atmospheric bands, the 2.7 and 4.3 µm daytime emissions have not yet 
been exploited together, in combination with non-LTE models. This is an interesting (and 
pending) study in order to derive atmospheric densities in the limb and validate other models 
and datasets in the interesting region of the Venus mesopause.   
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Figure 8: Top: Composition of three VIRTIS-M spectral data cubes during Orbit 25, at 4.33 
µm, showing nadir and limb emission levels, with variations not totally explained by the 
expected SZA changes (after Drossart et al., 2007). Bottom-Left: Limb profiles at three 
wavelengths obtained by combining individual adjacent pixels in one of the cubes of the 
VIRTIS-M image in orbit 25, in this case with spacing around 4 km in the vertical.  Bottom-
Right: Set of successive slit-frames of VIRTIS-M from its “spectral mode” during one 
pericenter observation. Triangles show the center of the slit, where VIRTIS-H data are also 
available. The emission map only uses VIRTIS-M data (after Gilli et al., 2009). SEE 
comments for reviewer #1. 
 
2.7.3.1 CO fluorescence at 4.7 µm	
 

The CO infrared emission at 4.7 µm as observed by VIRTIS has been the subject of an 
intense analysis due to its simpler physics compared to the CO2 emission at 4.3 µm and to the 
possibility to separate lines and therefore, the rotational structure of the band (Gilli et al., 
2009, 2011, 2015). See comment by reviewer #1. The wider separation of the CO lines 
permitted the identification of two components in the data, the fundamental CO(1-0) and the 
first hot CO(2-1) bands of the main CO isotope (FB and FH, respectively). As seen in Figure 
9, other hot or isotopic bands are absent in the VIRTIS-H spectra. Interestingly, the 
fundamental and hot band transitions coincide and mix each other in some parts of the 
spectrum, forming specially strong emission lines, requiring a non-LTE model which couple 
them properly. This merging can be seen in Figure 9, with lines P9 (FH) and P15 (FB). See 
comment by reviewer #1. 
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Figure 9: Top: VIRTIS-H limb spectrum at 4.7 µm, taken at an altitude around 85 km and 
SZA=60O, showing individual lines of the CO fundamental (dash markings) and first hot 
bands (solid markings) (after Gilli et al., 2009). Middle and Bottom panels: Observations 
(VIRTIS-H) and model simulations of the altitude/SZA cross section of the CO emission at 
4.7 µm (at 4.81 µm); observations combine data from many orbits and become very noisy at 
high SZA (after Gilli et al., 2015).  See comment by reviewer #1.	

 
Figure 9 shows an overall good agreement in the altitude and SZA variation between 

model and data. Due to the sparse VIRTIS-H data coverage in the limb, the study of the 
altitude variation of the emissions requires the combination of data from many different orbits, 
either to form vertical profiles or to produce maps like those in Figure 9.  The simulations in 
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this figure, however, correspond to a single atmospheric reference profile. Therefore, the 
departure from the smooth map of the model's cross-sections possibly represents real 
atmospheric variability, except at very high SZA where noise includes a significant effect. A 
proper retrieval scheme is required to exploit this dataset (Gilli et al., 2015). Another 
interesting result in this map is that, with suitable averages, the radiances present a good 
behavior up to about 140 km. In the other extreme of the altitude range, the bottom part of the 
map starts at 95 km. Below this altitude the radiances at 4.7 µm seem to be strongly 
contaminated by scattering in the Venus high altitude hazes and is not useful for dayglow 
studies.  

 
2.7.3.2 Ground based / nadir-looking observations at 4.7 µm	
 

As explained by Gilli et al. (2011) observations of CO dayglow from orbit is feasible 
at the limb but difficult in the nadir with the spectral resolutions and sensitivities available on 
board Mars Express and Venus Express. Crovisier et al (2006) and Krasnopolsky (2014a) 
have demonstrated that this limitation is not present in ground-based observations with 
sufficiently high resolution. However, the analysis is not simple: the presence of solar and 
telluric lines requires a precise modeling of the CO state populations and a careful radiative 
transfer simulation in order to rely on data-model fittings before extracting key atmospheric 
parameters.  

The first ground-based detection of the CO fluorescence at 4.7 µm was made by 
Crovisier et al. (2006) using a very high resolution Fourier-transform spectrometer at the 
Canada-France-Hawaii Telescope. They made a detailed analysis of sources of excitation and 
found the photolysis of CO2 to be an important excitation for the CO(v=3) and higher states, 
and after cascading, also for CO(v=2). Without this source, the common fluorescent self-
absorption at 2.3 and 1.58 um would determine the populations. However, their simulations of 
the CO(2-1) first hot band were about a factor 2 too large compared to their data. More 
recently, Krasnopolsky (2014a, 2014b) revisited the CO(v=2) excitation and quenching terms 
in a couple of works devoted to the observation of CO dayglow lines on Venus and Mars 
using the CSHELL spectrograph at the NASA IRTF in Hawaii. He found that the production 
of CO(v=2) from CO2 photolysis is lower than assumed before, due to the reduced efficiency 
for photolysis in most of the UV range outside Lyman-a, which is a result that seems to 
explain the excess radiation computed by Crovisier and co-workers. 	

Krasnopolsky (2014a) observed both the fundamental CO(1-0) and the first hot CO(2-
1) bands in the dayglow, over a latitude range of ±60°.  Six observed lines of the CO dayglow 
at the hot (2-1) band showed a significant limb brightening typical of an optically thin airglow. 
Following corrections for the viewing angle and Venus reflection, nadir-looking intensities of 
the CO (2-1) band were found constant at about 3.3 MR in the latitude range of ±50° at a solar 
zenith angle of 64°. Krasnopolsky (2014a) focused on the CO(2-1) band, as a tool to sound 
the atmospheric temperature at the appropriate emission level, which he found to be around 
110 km for the 2-1 band. See comment by reviewer #1. The retrieval of temperature can be 
done via analysis of the 2-1 band's rotational distribution, if the spectral resolution is 
appropriate Let us recall that spectral resolutions on the order of R~1000, like that of VIRTIS-
H on Venus Express, are not sufficient to separate lines from the fundamental and first hot 
bands. This technique can be subject to significant errors if only a few adjacent rotational 
lines are available. We review his results below in section 3.1. The preference of 
Krasnopolsky (2014a) for CO(2-1) over the optically thicker 1-0 fundamental was essentially 
based on the larger guarantee of having rotational LTE at the emission layer. This seems to be 
an over-precaution, since rotational LTE is justified and assumed by most NLTE models up to 
much higher altitudes (Roldan et al, 2000; Crovisier et al, 2006) and therefore, in our opinion 
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should not preclude the fundamental 1-0 band to be used.  See comment by reviewer #1.	
 
 

2.8 Infrared nightside airglow 
 
2.8.1 O2(a1∆g) nightglow 
 

A large number of ground-based and VIRTIS observations of the O2 a1∆g®X3∑ 
nightglow at 1.27 µm were reported with emphasis on different aspects linked to this dipole 
electric forbidden emission. The spectral resolution of VIRTIS-M spectra did not permit 
deriving rotational temperatures from the O2 (a1∆g) nightglow observations. However, 
analysis of the VIRTIS-M database (Soret et al., 2012a; Gérard et al., 2014) demonstrated that 
the altitude of the emission peak is variable and suggested an increasing trend with decreasing 
solar zenith angle. Abel inversion of the limb observations showed that the volume emission 
rate is maximum at 97.4 ± 2.5 km (Piccioni et al., 2009), while Soret et al. (2012a) found a 
statistical peak at 99.2 km. 

VIRTIS made extensive nadir observations of the southern hemisphere and obtained 
multiple nightside limb images of the O2 IR airglow at 1.27 µm. Several studies examined the 
vertical and horizontal distribution of O2 (a1∆g) emission, its variability, relative intensity and 
structure compared to the OH and NO airglow, evidence for gravity waves and atomic oxygen 
density and implications for the dynamics of the mesosphere-thermosphere transition region. 
These aspects are discussed in section 4. Piccioni et al. (2009) determined from an 
accumulation of nightglow spectra that the radiance of the (0-1) band at 1.58 µm relative to 
the (0-0) transition was 78±8, resulting in a ratio of transition probabilities A00/A01= 63±6. 
This value lies within the range of earlier laboratory and airglow determinations.  
 
2.8.2 OH nightglow 
 

Piccioni et al. (2008) discovered the presence of the ∆v = 1 and ∆v = 2 sequences of 
the Meinel bands near 1.6 and 3.2 µm respectively in the nightglow spectrum (Figure 10).  
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Figure 10: OH infrared spectrum observed at the limb and comparison with a synthetic 
spectrum. The two bright features at 1.27 and 1.58 µm are the O2 a1∆g®X3S bands. In the 
insert and in green solid line, a comparison is made with a synthetic spectrum of the OH 
Meinel bands. The stars indicate the presence of thermal radiation originating from the lower 
atmosphere (from Piccioni et al., 2008). 
 

The close resemblance to the synthetic spectrum of the OH Meinel bands was a clear 
indication that vibrationally excited hydroxyl molecules are present in the upper mesosphere 
of the Venus nightside. The proposed excitation mechanism was the Bates-Nicolet scheme 
where an ozone molecule reacts with H atoms to produce vibrationally excited OH up to v=9. 
The emission peak at the limb is observed between 85 and 110 km (Gérard et al., 2010; Soret 
et al., 2010; Migliorini et al., 2011). Krasnopolsky (2010) detected the OH (1-0) P1(4.5) and 
(2-1) Q1(1.5) airglow lines from the ground in a narrow window using the NASA CSHELL 
spectrograph. The detected line intensities correspond to (1-0) and (2-1) band intensities of 
7.2±1.8 kR and <1.4 kR at 21:30 LT and 15.5±2 kR and 4.7±1 kR at 4:00 LT. Gérard et al. 
(2012) described simultaneous VIRTIS spectral images of the OH Meinel and O2 (a1∆g) at the 
limb. They demonstrated that the spatial structure of the two emissions is surprisingly similar 
and shows a high level of spatial correlation.  They suggested that this is a consequence of the 
role played by O atoms as a precursor of both emissions. Similarities and differences of the 
spectral structure in the terrestrial, Mars and Venus OH infrared airglow were described by 
Migliorini et al. (2013b).  EXPLAIN 

The intensity distribution within the ∆v=1 sequence was used to quantify the role of 
collisional quenching by CO2 and constrain the abundance of O3 in the upper mesosphere. 
Soret et al. (2012b) averaged a few thousands observations of the OH nightglow and obtained 
a mean peak limb intensity of 350+350−210 kR for the Δv=1 sequence. They identified the (1-0), 
(2-1), (3-2), and (4-3) bands in the Δv=1 sequence and determined their respective brightness. 
They calculated OH nightglow profiles using both the “sudden death” and single quantum 
collisional cascade ∆v =1. The “sudden death” model gave very low intensities, while the OH 
nightglow intensities were too high in the single quantum model. Consequently, they 
suggested a reduction of the mean ozone profile from the SPICAV stellar occultations 
(Montmessin et al., 2011) by a factor of 10 to match the observed OH nightglow. 
Krasnopolsky (2013) revised his previous photochemical model for the Venus nighttime 
atmosphere (Krasnopolsky, 2010) to account for the detection of the nighttime ozone layer 
and the detailed spectroscopy and morphology of the OH nightglow deduced by Soret et al. 
(2012b). He added 25 chemical reactions, increased the flux of H atoms at the upper boundary 
and imposed a downward flux of chlorine atoms of 1x1010 cm-2 s-1 through the upper 
boundary. Following these modifications, the model agrees with all observational constraints 
for the mean nighttime atmosphere.		 

  
2.9 Aurora 
 

Suprathermal electrons have been detected by Knudsen and Miller (1985) above the 
atmosphere in the Venus umbra by the Pioneer Venus Retarding Potential Analyzer (RPA). 
These suprathermal electrons belong to two groups. The first one is less energetic and 
resembles the photoelectron spectra observed in the dayside ionosphere. This population has 
been interpreted as plasma transported from the day to the nightside. Its characteristic 
Maxwellian energy is about 7 eV. The second (more energetic) group is similar to the 
population observed in the upper mantle and solar wind near the terminator, with a 
characteristic energy close to 14 eV. Spenner et al. (1996) showed that a suprathermal flux of 
about 12-eV electrons seems to be present at all altitudes down to at least 200 km. This 
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population is thought to be associated with solar wind plasma making its way into the umbra 
of Venus, precipitating into the atmosphere and possibly causing the observed UV aurora.  

Highly variable UV emissions have been observed over an 8-year period with PV-
OUVS on the nightside (Philipps et al., 1986; Fox and Stewart, 1991). They appeared mostly 
as bright spots of 130.4 nm emission, with occasional presence of the OI 135.6 nm multiplet 
and CO Cameron bands. The 130.4 nm intensity varied from less than ~ 4R to 20 R, with 
peaks up to 100 R. The nightside global mean intensity was ~10 R at solar maximum and 4 R 
at solar minimum. The dependence on the emission angle did not follow a 1/cos law and 
indicated that the emission was optically thick. No correlation was found between the 
brightness and the solar wind parameters, indicating that the solar wind does not directly 
modulate the aurora. The CO Cameron bands were also detected with an estimated brightness 
of  ~50 R at the nadir.  

Fox and Stewart (1991) compared the intensity of the auroral emissions observed by 
PV-OUVS to that expected from the precipitation of the suprathermal electrons with the 
reference energy spectrum measured with the RPA on the nightside. Their discrete local loss 
model produced intensities of 6.4 R for OI 130.4 nm, 1.6 R for OI 135.6 nm and 18 R for CO 
Cameron if the ‘reference spectrum’ of suprathermal electrons was multiplied by 0.08. Gérard 
et al. (2008a) used an electron transport model based on a Monte Carlo implementation of the 
Boltzmann equation together with a multi-stream radiative transfer model to calculate the 
effects of multiple scattering on the intensity field of the 130.4 nm triplet. They showed that 
the enhancement of the emergent 130.4 nm intensity by multiple scattering in the optically 
thick Venus atmosphere increases the auroral 130.4 nm/135.6 nm ratio by a factor of about 3, 
in agreement with the mean ratio observed with PV-OUVS. To account for the average OI 
auroral emissions, the required precipitated energy flux is 2x10-3 mW m-2.   

 Fox (2012) suggested that in the presence of strong electron precipitation, the 
intensity of the green line could intermittently increase by one of several chemical 
mechanisms, including electron impact ionization of O or CO2 on the nightside. The ions 
produced could interact with the neutrals to enhance the production of O(1S) atoms by 
dissociative recombination. The O(1S) state could also be produced by direct electron impact 
excitation of ground state O atoms or electron impact dissociative excitation of CO2 or CO. 
No detection of auroral emissions has been made so far from Venus Express with SPICAV 
nor VIRTIS. The O1S®O3P emission at 557.7 nm, initially believed to be a recombination 
airglow signature now appears to be closely related to solar activity. Gray et al. (2014) 
measured this emission after solar flares, coronal mass ejections and solar wind streams from 
December 2010 to July 2012. They found it is highly temporally variable, with the strongest 
emission ~180 R, comparable to the previous brightest detections. They occurred after the 
three types of solar events, with the strongest emission following CMEs.  The detections of 
this “green aurora” was confirmed by Gray et al. (2016, submitted) 
w�����������������������������������������������
����They showed that both the flux and energy flux increase following arrival of a CME. 

 
3. Composition and structure of the Venus upper atmosphere 

	
Although the Venus Express suite of instruments was not specifically oriented toward 
measurements of neutral species and temperature in the upper atmosphere, significant 
progress has been made based on airglow observations in the infrared and ultraviolet. 
 
3.1 CO and CO2 densities from non-LTE IR emissions  
 

The derivation of densities from the fluorescence or in general from any non-LTE 



	 22	

emission can only be performed with a complex inversion or retrieval process which accounts 
for the relation between the non-LTE populations and the emerging radiance observed. In 
other words, it requires using a direct forward model incorporating a precise non-LTE 
calculation. In addition to the usual difficulties from radiative transfer in many lines and 
bands, the microscopic processes like collisional energy transfers involved in the calculation 
of the state populations introduce further uncertainties to the error analysis.  

Such a non-LTE inversion process has been completed with success for the CO 
emission measured by VIRTIS at 4.7 µm in the upper mesosphere and in the thermosphere of 
Venus (Gilli, 2012; Gilli et al, 2015). These authors showed that the limb weighting functions 
in all the CO lines observed are broad, with widths or the order of 20 km, which can be 
considered as the vertical resolution. Averages of spectra of such size are therefore necessary 
See comment by reviewer #1. To reduce the noise levels, Gilli et al. (2015) also boxed the 
spectra in latitude ranges of 20 degrees and in three intervals of local time. The solar zenith 
angle (SZA) between 0° and 90° was divided in 8 intervals and this parameter was permitted 
to vary within each of those intervals; the non-LTE retrieval scheme accounts for its effect, 
i.e., the radiances are largely affected by the SZA, but not the retrieved density. Finally, about 
100 successful retrievals of the CO abundance were obtained, in altitude steps of 5 km, from 
100 up to 145 km, as shown in Figure 11. The latitude coverage is not complete and actually 
varies with altitude, which limited the analysis of the global distribution of CO. Figure 11 
shows that the results have large error bars above about 130 km, where the first hot bands 
contribution decreases. Other cautions need to be taken in their interpretation. One of them is 
that the data selection process combines measurements from different orbits, longitudes and 
illumination conditions in the limb, i.e, the profiles do not form actual 1-D instantaneous 
vertical views on a given point and at a given moment. This is important for comparison with 
models and other data sets.  	

In spite of these difficulties this is the first global map of CO during daytime in the 
Venus thermosphere and shows interesting features. First, the decrease in altitude is similar to 
expected 1-D profiles. Second, the data at high solar illumination (LT 10-14 h) show a 
decrease of abundance from equatorial to high latitudes, of about a factor 2. This is true below 
about 130 km, since above the variation is smaller or within the large noise levels there.  
This is interesting because GCM models predict a variation but only in the thermosphere, not 
below about 125 km. The VIRTIS abundance of CO is also systematically larger than the 
model prediction, especially around the subsolar point.  

Unfortunately the VIRTIS observations at 4.3 µm have not yet been exploited to 
derive atmospheric densities and variations of CO2. In contrast to the CO emissions, dozens of 
CO2 bands contribute to the observed emission, many of them very optically thick up to well 
into the thermosphere, all of which makes the forward model calculations and the 
interpretation more difficult. Still, such retrievals will be very valuable, not only to derive 
CO2 densities but also if they are combined with the CO retrievals.  They also offer the 
possibility to determine atmospheric temperatures (López-Valverde et al., 2011a). One further 
advantage is the strong emission, compared to the CO fluorescence, which will permit 
studying the Venus thermosphere up to 160 km at least.  

Krasnopolsky (2014a) proposed deriving CO densities at a given mesospheric altitude 
routinely from ground observations of these airglow emissions, and he did so for the CO 
abundance at about 104 km from the CO(2-1) first hot band. He found a constant CO mixing 
ratio from 50°S to 50°N with a mean value of 560 ± 100 ppm.  However, this technique is 
prone to large errors if the variations of the altitude/pressure relation of the emitting layer is 
not taken into account. Also the large variation in CO vmr over the width of typical weighting 
functions (several scale heights) presents a second difficulty in nadir (ground based) sounding 
for CO. An additional caution is that this airglow will permit precise determinations of vmr 
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(relative abundances) only if other emission bands (from CO2) are available simultaneously; 
otherwise the vmr results will be model dependent. For all these reasons, limb sounding from 
orbit such as that from VIRTIS should be the ideal strategy for sounding of CO in the Venus 
upper atmosphere. See comment by reviewer #1 

Krasnopolsky (2014a) also studied lower altitudes, i.e., in the LTE regime, using his 
ground based data. See comment by reviewer #1. In particular, he used numerous CO and 
CO2 absorption lines in the observed spectra to retrieve CO abundances and temperatures at 
74 km. He measured a constant CO mixing ratio at 40 ppm from 50°S to 30°N with a weak 
increase at higher latitudes. His temperature at 74 km is almost constant at 222.6 ± 3.4 K, in 
excellent agreement with the VIRA model atmosphere. Some cautions are needed also in this 
LTE sounding, since the determinations are complicated by several factors, and not all of 
them easy to evaluate. One of them is the strong reflection at the cloud tops, which dominates 
by far the atmospheric thermal component. A second one stems from the uncertainties 
associated with aerosol absorption and scattering, all of which would certainly add to the error 
bars. 	

 

 
Figure 11: Selection of retrievals of CO from Gilli et al. (2015) for different intervals of 
latitude and local time, as indicated.  Top left: three data boxes at low-mid latitudes.  Top 
right: two data boxes at high-latitudes. The two bottom panels represent the same three 
latitude boxes in the morning (6-10 LT, bottom left panel) and in the afternoon (14-18 LT, 
bottom right panel).  Dashed red lines: limits of the grid of synthetic data used in the retrieval, 
values beyond them cannot be retrieved. The VTS3 CO density (red solid line) and several 
VTGCM profiles (averaged for the same latitudinal and local time boxes) are also shown for 
comparison. 
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3.2 Atomic oxygen 
	

The distribution of oxygen atoms in the Venus nightside upper mesosphere was only 
poorly known following the Pioneer Venus and Soviet missions to Venus. The PV neutral 
mass spectrometer only provided composition measurements down to ~145 km. The VTS3 
model (Hedin et al., 1983) extrapolated downward the O density measured in the 
thermosphere assuming hydrostatic equilibrium strongly and therefore overestimated the O 
abundance below ∼95 km where O atoms chemically recombine. Only models coupling 
photochemistry and vertical transport (Massie et al., 1983; Bougher and Borucki, 1994) were 
able to predict the presence of a density maximum in the mesosphere-thermosphere transition 
region. Extensive limb and nadir observations with VIRTIS have made it possible to use the 
observed distribution of the O2 (a1∆g) airglow to determine the vertical and horizontal 
statistical distribution of atomic oxygen on the Venus nightside. The 3-body recombination 
process: 
 
O+O+Mà O2 (a1∆g) +M 
	
has been identified as the only significant source of excited oxygen molecules in the night 
airglow. Although the fraction of molecules directly formed in the a1∆g metastable state is 
small, radiative cascades from higher-lying states and possibly collisional relaxation produces 
a high effective branching ratio e close to unity. The efficiency of the quenching of the a1∆g 
state by CO2 is low and only an upper limit of the quenching coefficient by CO2 has been 
determined. Once the rate coefficient k and its temperature dependence and third body 
identity and density are known, observations of the emission profile provide a direct 
measurement of the O density distribution. The steady state O density profile is then obtained 
from the equality between the O2 (a1∆g) chemical production and loss rate by radiative 
relaxation and collisional quenching with CO2: 
 

                      
 
This technique was developed by Gérard et al. (2009a) who used e = 0.75, k was taken equal 
to 3.1x10-32 cm6 s-1 and the quenching coefficient Cq=1x10-20 cm3 s-1. It was applied by Soret 
et al. (2012a) who used the full VIRTIS database to build up a map of the statistical three-
dimensional O density between ∼ 90 and 120 km. They found that the O2(a1∆g) 
hemispherically averaged density is 2.1x109 cm-3, with a maximum value of 6.5x109 cm-3 at 
99.2 km. The dominant third body in the recombination process is the CO2 molecule, whose 
density profiles were taken from the empirical VTS3 model or from a sample of SPICAV 
stellar occultations. The O hemispheric average density was 1.9x1011 cm-3 in both cases.  The 
maximum density is located at 106.1 km with the VTS3 CO2 model and 103.4 km, with the 
SPICAV values. Figure 12 shows that the highest densities of atomic oxygen are found 
around the antisolar point, in agreement with the O2(a1∆g) airglow distribution. It was also 
shown that the results are relatively insensitive to the values of both Cq and e when they 
remain within the range of previously estimated values. 
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Figure 12: Distribution of the O density at 103 km derived from global airglow observations 
at 1.27 µm with the VIRTIS spectral imager. The CO2 density used to convert airglow 
intensity into oxygen density was taken from a compilation of CO2 profiles derived from 
stellar occultation measurements with the SPICAV instrument (from Soret at al., 2012a). 
 
These results were in fair agreement with the 3-D modeled peak values of 2.8x1011 cm-3 at 
104 km by Brecht et al. (2011) and 2.0x1011 cm-3 at 110 km in the 1-D model by 
Krasnopolsky (2010) respectively (Figure 13). Comparing the O density map derived by Soret 
et al. (2012a) from the oxygen nightglow observations with those predicted by the VTS3 
model, it appears that the altitude dependence is very different and that the densities based on 
the O2 airglow are substantially higher above 95 km. A detailed comparison with values 
calculated with the 3-D model will be made in section 5. 
 

 
 
Figure 13: Comparison of the O density derived from the VIRTIS oxygen nightglow 
measurements at 24° S, 00:44 LT with the profiles from the VTS3 model (dotted line) and 
from the global 1-D model of Krasnopolsky (2010) (dashed line). The two profiles derived 
from airglow observations use the VTS3 CO2 density (long dashes) and the SPICAV 
compilation (solid line) respectively (from Soret et al., 2012a). 
 
3.3 Atomic nitrogen  
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The density of N(4S) ground-state atoms was measured with the Pioneer Venus neutral 
mass spectrometer above 145 km where its vertical distribution is controlled by diffusive 
equilibrium. However, as for atomic oxygen, models predict that the N density peaks at a 
lower altitude, inaccessible so far to in situ measurements. Therefore the nightside N density 
profile in the lower thermosphere can only be indirectly determined through modeling of the 
nitric oxide airglow distribution.  The volume emission rate of the d and g bands is directly 
proportional to the [O]x[N] density product and is directly obtained from h(NO)= kNO [O] [N], 
where h(NO) is the volume emission rate of NO d and g bands and kNO is the two-body 
recombination coefficient. N vertical distributions reproducing NO nightglow limb 
observations were calculated with a one-dimensional chemical-transport model by Gérard et 
al. (2008b). They show a maximum density ~2-5x108 cm-3 between 115 and 120 km. Stiepen 
et al. (2012) modeled the average nightside conditions and calculated a peak of 8x108 cm-3 at 
122 km. The nitrogen density distribution was also calculated with the VTGCM (Brecht et al., 
2011) at all local times and latitudes.   
 
3.4 Thermospheric ozone  
 
Ozone is expected to play a key role in the excitation of the OH Meinel bands through the 
Bates-Nicolet mechanism: 
 
O3 + H à OH* (v<10) + O2 

 
where the OH molecule is produced in vibrationally excited level up to v=9.  Another process 
involving the reaction between HO2 and O was found to be less important in the Venus 
(Krasnopolsky, 2010) as in the Earth’s upper atmosphere. Following the discovery of the 
presence of the OH Meinel bands in the Venus nightglow by Piccioni et al. (2009), 
Krasnopolsky (2010) detected the OH (1–0) P1(4.5) and (2–1) Q1(1.5) airglow lines from the 
ground . It was suspected that ozone was indeed present near 95 km in sufficient amount to 
produce the intensity observed at the limb with VIRTIS. Montmessin et al. (2011) 
sporadically detected near 100 km a broad absorption band near 255 nm during stellar 
absorption measurements with the SPICAV-UV spectrograph. They derived mean peak 
values ~7x107 cm-3 at 95 km and a layer thickness of ~7 km at half maximum. In a detailed 
analysis of the brightness of the OH infrared bands, Soret et al. (2012b) averaged a few 
thousands limb profiles and obtained a mean peak intensity of 350+350-210 kR for the Dv=1 
sequence. They showed that these ozone densities could only be reconciled with the OH 
airglow observations if the measured O3 densities were upper limits while lower densities 
were not detectable with SPICAV. Both studies concluded that the model atmosphere by 
Krasnopolsky (2010) predicted an excessive amount of ozone reaching 4x109 cm-3 at 94 km. 
Based on these elements, Krasnopolsky (2013) revised his 2010 model and increased the load 
in chlorine compounds. The calculated O3 density decreased, reaching a peak of about 1x108 
cm-3 at 93 km. The case of the Venus OH infrared airglow clearly illustrates how airglow 
observations can improve our understanding of aeronomical processes in the Venus upper 
atmosphere.   
 
3.5 Atomic carbon and O2  
 
  The carbon density has never been directly measured by mass spectrometer in the 
Venus thermosphere. Estimates must entirely rely on dayglow measurements and neutral and 
ionospheric models. The C density is closely controlled by the O2 abundance and therefore, its 
value has been used to estimate the mixing ratio of molecular oxygen. Estimation of the 
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carbon density combined with a detailed photochemical modeling has been the only method 
available up to now to evaluate the O2 density in the lower thermosphere. Carbon atoms are 
mainly lost through the C + O2 à CO +O reaction. Therefore, the O2 density profile in the 
upper atmosphere, which has never been directly measured, critically depends on the carbon 
atom abundance. From limb scan observations of the dayglow of the 156.1 nm and 165.7 nm 
multiplets with PV-OUVS, Paxton (1985) estimated the [O2]/[CO2] to be ~3 x 10-3. Fox and 
Paxton (2005) determined the O2 mixing ratio best fitting those airglow observations and the 
C+ ion density to be slightly larger than 3x10-4. Measurements of the distribution of the 
intensity of the carbon dayglow emissions at 126.1, 156.1, and 165.7 nm with UVIS on board 
Cassini by Hubert et al. (2012) raised again the question of the O2 abundance in the Venus 
lower thermosphere. They concluded that the carbon density profile by Fox and Paxton 
[2005] fell short by a factor of ~2 to ~10 to match the observed CI UV line intensity. They 
concluded that the [O2]/[CO2] mixing ratio was probably less than 3x10-4. For comparison, in 
the model of Krasnopolsky and Parshev (1983) predicted a  [O2]/[CO2] ratio ~6 x 10-4  near 
140 km. The nightside model by Krasnopolsky (2013) predicts a ratio ~8x10-4 at 130 km.  
   
3.6.		Temperature retrievals from non-LTE fluorescence	emissions	
 

The intensity of non-LTE emissions, by definition, do not contain much information 
about the local temperature. However there are other effects which permit the sounding of the 
temperature from these emissions, if spectral resolution and sensitivity permit it. As a first 
example it is possible to learn about the kinetic temperature from the rotational distribution of 
a given ro-vibrational band, if the spectral resolution is good enough to permit such an 
observation and if rotational LTE is assumed. This is the case of the CO emissions at 4.7 µm 
by VIRTIS/Venus Express. Other examples are the dependence of collisional quenching rates 
on temperature, and of the absorption of solar radiation on the width of the spectral lines. One 
example of emission where all these effects do have an impact is the CO2 strong band system 
at 4.3 µm. Both cases are examined next.  

 
3.6.1 CO rotational distribution at 4.7 microns  
 

The non-LTE emissions of CO at 4.7 µm observed by VIRTIS contain information 
about the whole structure of the two CO bands involved, the fundamental and the first-hot 
band, and this structure is dependent on the rotational temperature. As far as the rotational 
distribution is maintained in LTE, which is normally the case up to the thermosphere, this 
opens the possibility to retrieve also the atmospheric temperature from this data. The data-
model fit is complex because both bands contribute at the same time and many of the lines are 
a mixture of two emissions with different populations. However the non-LTE forward model 
is able to incorporate this, and it was finally possible to retrieve CO abundance and 
temperatures simultaneously (Gilli, 2012; Gilli et al., 2015). Figure 14 shows an example of 
the temperatures obtained with this method. See comment by reviewer #1. 
	
	
	
	
	
	
	
Fig
ure 
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14: Retrieval of the Venus kinetic temperature at noon (10:00-14:00 LT) in two latitude bands, 
as indicated, from averaged spectra of the VIRTIS-H 4.7 µm non-LTE limb measurements. 
Light-blue triangles and lines: VTGCM values averaged for the same latitude and local time 
boxes. Individual profiles from the GCM within the box are also shown (labeled ''trend''). The 
VTS3 reference profile is shown for comparison (from Gilli et al., 2015).	

The results are even noisier than the retrievals of the CO density shown before, but 
these results concern layers difficult to sound during daytime otherwise, and therefore supply 
a valuable dataset to study the thermal and dynamical structure of the Venus thermosphere. 
The selected results presented here show an agreement between VIRTIS and the VTGCM at 
high latitudes, within error bars, but not at equatorial latitudes, with a much colder upper 
mesosphere in the VIRTIS data. See comment by reviewer #1. This is a surprising result, 
especially where the model predicts a local maximum in temperature. Also simpler 1-D 
models of radiative equilibrium predict a warm or mesopeak layer at these altitudes. One 
important aspect is that both CO and temperature come from the same VIRTIS dataset and 
should be explained simultaneously, which currently represents a challenge. The CO global 
results, at least below 130 km, are consistent with a CO distribution controlled by dynamics, 
with a strong sub-solar to anti-solar gradient. Similar variations are found with the VTGCM 
although the VIRTIS CO values are systematically larger. However, the VIRTIS temperature 
structure in the subsolar point does not resemble the VTGCM. Gilli et al. (2015) explored 
various explanations but none seems to be satisfactory. They pointed out that other VIRTIS 
datasets remain unexploited, which could give new temperature results in this altitude range. 
The first of them are the limb CO2 emissions at 4.3 µm mentioned above. The second one are 
the nadir emissions at 4.3 µm, which is an ongoing work at an advanced stage by the non-
LTE group at IAA/CSIC, in Granada. See comment by reviewer #1. 

Regarding ground-based measurements, and as mentioned above, the CO (2-1) band 
airglow was recently used by Krasnopolsky (2014a) to explore the thermal structure in the 
Venus upper atmosphere. Krasnopolsky (2014a) derived rotational temperatures from only 
four adjacent rotational transitions. The procedure is sounded but contains many uncertainties 
and assumptions, as discussed before in section 2.7.3.2. He found a very small or negligible 
latitudinal variation around 110 km (his claimed slightly higher values on the Southern 
Hemisphere are well within error bars) and a mean value of 203 ± 9 K. This is significantly 
warmer than the 189 ± 8 K obtained at the 100-110 km range from the whole 2-1 band by 
Crovisier et al (2006), which were already 10 K warmer than VIRA at that altitude. This 
means a 20 K difference with VIRA. Although the altitudes are apparently similar, caution is 
needed when comparing data with very different weighting functions. See comment by 
reviewer #1.Still, the known dispersion in previous determinations and in model predictions 
(Krasnopolsky et al., 2014a;  

 
3.6.2 Nadir mapping of CO2 solar fluorescence at 4.3 µm 
 

The CO2 system of ro-vibrational bands at 4.3 µm is so optically thick in the Venus 
atmosphere that in a nadir geometry the atmospheric emission is originated very high in the 
atmosphere, around the mesopause and above, where the solar fluorescence is already very 
strong. This situation is well known and common to both CO2 atmospheric planets, Venus 
(Lopez-Valverde et al., 2007) and Mars (Lopez-Valverde et al., 2005). While the VIRTIS 
limb observations have not been exploited for this purpose, the nadir emission has recently 
been studied to derive temperatures in that atmospheric region by Peralta et al (2016).   

Figure 15 shows a map of VENUS thermospheric temperatures after gathering a set of 
observations of VIRTIS-H spanning the whole Venus Express mission. The actual 
atmospheric region examined extends from 100 to 150 km, which is very broad and this needs 
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to be taken into account when comparing models and data. Peralta et al. (2016) actually 
performed such a comparison with a careful extraction of results of the Venus Thermospheric 
GCM (Brecht and Bougher, 2012). The global view is a very good agreement in the 
latitudinal and local time variations, although the observed temperatures seem systematically 
colder than the model.  

 
 

 
Figure 15. Left panel: Atmospheric temperature in the upper mesosphere and lower 
thermosphere of Venus (0.01-10-5 mb) during daytime, as obtained from the CO2 NLTE nadir 
spectra taken by VEx/VIRTIS-H. Right panel: dayside temperatures from the VTGCM by 
Brecht & Bougher (2012) and averaged for the same pressure interval. After Peralta et al. 
(2016). 
 

 
4. Dynamics and transport in the upper atmosphere  	
 
 A “first-order” picture of the Venus upper atmosphere circulation and the resulting 
transport of species have been gleaned from numerous remote and in situ datasets collected 
mostly at the planet.  However, the underlying physical processes maintaining this mean 
circulation, and driving its large variations, are poorly understood. In fact, this large 
variability of the upper atmosphere global winds is one of the outstanding questions regarding 
Venus’ circulation (Bougher et al., 2006; Schubert et al., 2007).  Direct wind measurements 
are provided by ground-based observations; Venus spacecraft measurements yield proxies 
that are typically used to derive the magnitude and variability of these mesosphere-
thermosphere winds.   
	
4.1 Observations of night airglow emissions in the mesosphere-thermosphere transition region 
	

Extensive measurements of the O2(a1∆g) and NO nightglows at the nadir were 
assembled to produce global statistical maps of the horizontal distribution of the two 
emissions. Figure 16 summarizes the result of these syntheses. The O2 airglow distribution is 
characterized by a bright area of emission centered near the antisolar point. (Gérard et al., 
2008c; Piccioni et al., 2009; Soret et al., 2012a). The contrast between the intensity in this 
region and the weaker airglow is about a factor of 5. Following correction for the thermal 
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background emission, the hemispheric area-weighted intensity is ~500 kR. Shakun et al. 
(2010) obtained a mean intensity of 1.0 ± 0.4 MR after applying corrections for the Venus 
topography and radiative transfer. They found a secondary bright region at latitudes between 
30° and 60° in the southern hemisphere near 23:00 LT. By contrast, the NO night airglow 
maximum intensity is shifted by about 3 hours toward the dawn meridian, with a hemispheric 
average total intensity of 1.9 kR. The two emissions originate from different altitudes. The 
NO band volume emission rate peaks at 115±7 km (Gérard et al., 2008b; Stiepen et al., 2013), 
in close agreement with previous limb observations near periapsis with PV-OUVS (Gérard et 
al., 1981). The O2 emission at 1.27 µm shows a maximum volume emission rate at 99.2±1.0 
km for O2(a1∆g) (Soret et al., 2012a), thus statistically located 16 km below the NO airglow 
peak. 

Differences of global morphology between the two emissions have been interpreted as 
resulting from a different global circulation pattern between the altitudes of the two emissions. 
The symmetry around the subsolar point suggests that, in the 99 km region, the zonal wind is 
statistically quite weak, while its picks up speed again at higher altitudes where it displaces 
the NO emission towards the morning sector. The reason for this unexpected increase of the 
zonal wind velocity is still largely debated. One possibility is that O+ ions moving westward 
(in the superrotation direction) on the nightside (Lundin et al., 2013) exchange momentum 
with the ambient neutral gas down to the lower thermosphere and cause the observed 
displacement of the NO airglow.  

 

 
	

	
Figure 16: Maps of the statistical distribution of the O2 and NO nightglow intensity. The 
center of the circle corresponds to the antisolar point. The difference between the bright spot 
location of O2 and NO emission suggests two different dominant wind regimes at 99 and 115 
km, with zonal wind speeds dropping to low values in the upper mesosphere, picking up 
speed again at higher altitude (see Brecht et al., 2011) (from Soret et al., 2012a and Stiepen et 
al., 2013). 
 

In any case, individual snapshot images of the O2(a1∆g) airglow distribution in the 
nadir and limb directions have shown that the airglow is patchy with bright regions observed 
at different local times and latitudes (Hueso et al., 2008; Piccioni et al., 2010; Gérard et al., 
2009a; Soret et al., 2014). This result is reminiscent of the scattered distribution of bright 
patches in the NO FUV nightglow (Bougher et al., 2006). The quasi-symmetry shown in 
Figure 9a only appears when a large enough number of individual images are summed up 
(Soret et al., 2014).   
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  Simultaneous nadir observations of the latitudinal intensity distribution of the O2(a1∆g) 
with VIRTIS and NO airglow with SPICAV by Gérard et al. (2009b) have shown that the two 
emissions are not spatially correlated. This result confirms that the dynamical regimes 
controlling the O density at 99 km and the N density at 115 km may be quite different. The 
time required for O atoms to move down between the two emission levels depends on the 
strength of the vertical velocity component but is probably on the order of an Earth day. 
When combined with a typical horizontal velocity of 50 m s-1, the atoms are expected to 
travel horizontally over long distances. These characteristics probably explain the lack of 
correlation between bright spots originating from the two atmospheric levels, especially in the 
presence of a wind shear. Numerical simulations with a two-dimensional model by Collet et 
al. (2010) demonstrated the large horizontal distance between enhanced regions of O and N 
densities at the two levels caused by injection of a blob of O and N atoms in the presence of a 
horizontal wind of several tens of m s-1. 
 
4.2 Airglow morphology and variability  
 
4.2.1 Dayside  

 
As discussed in section 2.3, Masunaga et al. (2015) obtained three time sequences of 

brightness variations of the Venus dayglow with the EXCEED telescope. They found a 4.5-
day modulation in all three emissions and secondary periodicities during the first time interval. 
Periodicities of 1.1-day in the second interval, and 1.0 and 11-day during the third interval 
were also identified. The amplitudes at 135.6 nm were 6.6-10% and suggested that these 
modulations are caused by density oscillations of oxygen atoms or photoelectrons in the 
thermosphere. They argued that planetary-scale waves and/or gravity waves propagating from 
the middle atmosphere, and/or minor periodic variations of the solar EUV radiation flux can 
play a role. They also investigated possible effects of the solar wind parameters on the 
dayglow variations using the ASPERA-4 and magnetometer instruments on board Venus 
Express. They found no clear correlation with the dayglow variations but claimed that their 
minor periodicities are similar to the dayglow periodicities.  We note that the periods 
identified here are shorter than the 30-50% thermospheric density periodicities detected by 
Forbes and Konopliv (2007) from radar tracking of the Magellan spacecraft.  
 
4.2.2 Nightside 
 

Statistical views of the global NO and O2(a1∆g) airglow morphology are useful as they 
provide datasets which are directly comparable to steady state simulations made with general 
circulation models. However, they considerably differ from the instantaneous morphology 
that would be obtained if global snapshots can be obtained. The statistical distribution 
obtained after averaging a large number of individual observations is somewhat misleading as 
it masks out the strong variability of these airglow structures. By contrast, snapshot nadir or 
limb observations of both the O2 IR and the NO UV emissions indicate that the distribution 
described in Figure 9 is actually rarely observed. Therefore, averaged global maps do not 
reflect the short-term variability that is an important component of the dynamics of the Venus 
upper atmosphere. This aspect was analyzed using the O2(a1∆g) limb and nadir observations 
and, to a lesser extent, the NO observations with SPICAV.  

Soret at al. (2014) analyzed the evolution of regions of enhanced 1.27 µm airglow 
extracted from nadir VIRTIS images. They showed that the	 regions	 of	 bright	 O2(a1∆g) 
airglow may be located almost anywhere on the nightside and move in latitude and local time 
over period of a few hours, even though the brightest spots tend to occur near the antisolar 
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point. An organized structure similar to Figure 16 only appears following addition of a large 
number of VIRTIS nadir spectral images collected over periods of a few months. They 
followed the intensity and the displacement of bright patches over time to determine apparent 
wind velocities and characteristic decay or rise times. They derived speeds of the 
displacements varying from 0 to 213 m s-1, with a mean value of 54 m s-1 (Figure 17). The 
high variability of both the direction and the absolute value of the horizontal velocity vector 
associated with the displacements made it impossible to extract a picture of the global 
circulation in the 95-100 km regime. The mean measured decay time of ~750 min is 
considerably longer than the 75-min lifetime of the metastable a1∆g state. It is not too different 
from the ~35 hours obtained in the two-dimensional simulation by Collet et al. (2010). Soret 
et al. (2014) explained it as a combination of the excited O2 radiative decay time and chemical 
lifetime of the O atoms supplied by the global circulation and its vertical transport efficiency. 
The vertical-latitudinal brightness distribution is equally variable as was shown by Gérard et 
al. (2009a, 2014). Bright spots of O2(a1∆g) emission correspond to regions of enhanced supply 
of oxygen atoms. However, at this point, it is difficult to specify whether these are signatures 
of perturbations of the SSAS general circulation caused by propagating gravity waves or if 
increased local vertical transport strength acts to pump these atoms downward.  

 

	
Figure 17: Apparent horizontal wind vectors on the Venus nightside (dashed area) derived 
from the displacement of bright patches of 1.27 µm airglow. The plot shows a very large 
variability in space and time (from Soret et al., 2014).  
 

Another potential source of variability is the solar EUV flux that dissociates CO2 on 
the dayside and is therefore expected to control the total amount of O atoms carried to the 
nightside. The EUV solar flux between 0.1 and 50 nm measured by the SEM index only 
varied by 14 % during the period of VIRTIS observations. However, Soret and Gérard (2015) 
did not observe any correlation between the O2 nightglow intensity and the solar EUV flux 
during solar minimum conditions. They concluded that internal factors such as wave activity 
mask out the solar control of the oxygen night airglow variability. The intensity and the 
latitudinal distribution of the nitric oxide night airglow is also highly time variable within a 
limited local time sector.	 Stiepen et al. (2013) showed sequences of NO measurements along 
the SPICAV instrument line of sight on the atmosphere They showed an example of NO 
airglow nadir brightness measured along three latitudinal cuts, all made between 02:00 and 
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03:00 LT in the sector of the statistical bright spot. The three intensity curves clearly exhibit 
drastically different intensities and latitudinal variations. These observations are in agreement 
with the day-to-day variability of the NO airglow in images taken 24 hours apart with PV-
OUVS by Stewart et al. (1980).  

 
4.3 Wind measurements (and wind proxies) in the thermosphere and mesosphere 
	

From past observations it has been noted that Venus has a unique two-part circulation 
pattern within the upper atmosphere (See Fig. 18) (e.g., Bougher et al., 1997, 2006; Lellouch 
et al., 1997; Schubert et al., 2007).  One part occurs in the region between the surface and the 
top of the cloud deck (~70 km).  This region is dominated by a stable wind pattern flowing in 
the direction of the planet’s spin and is faster than Venus’ rotation.  This flow is known as a 
retrograde superrotating zonal flow (RSZ).  The second part occurs above ~120 km and is a 
relatively stable mean subsolar-to-antisolar flow (SS-AS).  Venus has inhomogeneous heating 
in the upper atmosphere by solar radiation (EUV, UV, IR) thus providing huge pressure 
gradients to generate this dominant SS-AS flow pattern (e.g. Schubert et al., 2007; Bougher et 
al., 1997, 2006). In the altitude range of ~70-120 km (i.e. the transition region), the two major 
flow patterns are superimposed, often with large variations on short timescales.   

 

                                        
 

Figure 18: Illustration of the major components of the global circulation of the Venus upper 
atmosphere. SS-AS (subsolar-to-antisolar), RSZ (retrograde superrotating zonal), ET (evening 
terminator), MT (morning terminator) (from Brecht et al., 2011).	

 
 This “first-order” picture of Venus’ upper atmosphere winds has been gleaned from a 
number of remote and in-situ datasets collected at the planet. A thorough examination of 
Pioneer Venus Orbiter (PVO) neutral density (e.g., CO2, O, He, and H) and temperature 
distributions above ~130 km, as well as ultraviolet (UV) NO nightglow and O dayglow 
distributions, has been used to constrain general circulation model (GCM) simulations, from 
which SS-AS and RSZ wind magnitudes can be extracted (see reviews by Bougher et al., 
1997, 2006). In addition, visible and infrared O2 nightglow distributions from Venera 9 and 
10, Galileo, PVO and the ground, along with minor species distributions (especially CO) have 
also been used to constrain upper mesospheric wind patterns (~80-110 km) (e.g. Lellouch et 
al., 1997; Schubert et al., 2007). Ground-based measurements have also been used to monitor 
these time variable winds above the cloud tops (Clancy and Muhleman, 1991; Lellouch et al., 
1997; Schubert et al., 2007; Clancy et al., 2008).  Many of these datasets, and their 
implications for global winds, are summarized in Table 1. See comment by reviewer #1. 
 More recently, departures from this two-component wind model (residuals) are 
becoming more apparent, as ground-based and VEx measurements are being combined to 
confirm: (a) significant nightglow (O2 1Δg IR and VEx NO UV) temporal and spatial 

Cartoon of Components of the 
Thermospheric Circulation 

(Brecht et al., 2011) 
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variability, and (b) a substantial warming (up to ~180-195 K) of  mean temperatures near ~95 
km often associated with these O2(1Δg) nightglow patches of peak emission (e.g. Bertaux et al., 
2007; Drossart et al., 2007; Bailey et al., 2008a; Ohtsuki et al., 2008). Systematic monitoring 
by other VEx instruments (since 2006) also provides confirmation of this proxy wind record, 
making use of vertical structure measurements. For example, VeRA and VIRTIS observations 
also address upper atmosphere dynamics by measuring the 3-D temperatures and deriving the 
thermal wind fields (~40-90 km) (Pätzold et al., 2007; Piccialli et al., 2008, 2012). 
Furthermore, SPICAV provides repeated measurements of vertical profiles of atmospheric 
density (and inferred temperatures) over ~80-150 km (nightside) via stellar occultations (e.g. 
Bertaux et al., 2007; Picciali et al., 2015).  These combined nightglow and vertical structure 
measurements are generally consistent with weak RSZ winds (on average) above ~80-90 km, 
with RSZ winds increasing in magnitude (on average) above ~115-120 km. 

The large variability of the RSZ winds between ~80 and 110 km has been the subject 
of considerable debate. Some investigators have attributed this variability to the changing 
nature of gravity wave breaking in this region (Alexander, 1992; Zhang et al., 1996; Bougher 
et al., 1997, 2006; Zalucha et al. 2013). Alternatively, upward propagating tides and planetary 
scale waves may serve to significantly modify the density and wind structure of the Venus 
upper atmosphere, analogous to that which has been observed at Mars (Forbes and Hagan, 
2000; Forbes and Konopliv, 2007). Nevertheless, the processes responsible for maintaining 
(and driving variations in) the SS-AS and RSZ winds in the Venus upper atmosphere are still 
not well understood or quantified (e.g. Bougher et al., 2006).   

 

Table 1. Venus Middle-Upper Atmosphere Wind Proxies (Adapted from Schubert et al., 2007). 
  Species/Emissions/Temperatures Altitude 

(km) 
SS-AS Winds  

(m/sec) 
RSZ Winds 

(m/sec) 
Visible Spectroscopy (Solar Radiation)a ~70  83±27 

Temperatures (IR and Occultation)b 70-90  Variable (weak) 

CO mm, CO distributionc ~80-100 Present Variable 

CO mm, windsd ~90-105 ≤40-322±25 35-147±3 (variable) 

10-micron, CO2 heterodynee 109 ±10 ≤35-129 ±1 3±7-40±3 (weak) 

O2 IR (1.27 microns)f 90-110  Variable (~10-50) 

CO 4.7-micron, windsg 100-110  Sum=140 ±45 

O2 Visible (400-800 nm)h 100-130  Weak (≤30) 

CO 4.7-micron, windsg 125-145 Sum=200 ±50  

NO nightglow (UV)i 115-150 ~200 40-60 

O dayglow (130 nm)j 130-250  Eddy diffusion 

Temperatures (night)k Above 150 ~200 ~50-100 

H dayglow (121.6 nm)l Above 150  ~45-90 

H and He densitiesm Above 150  ~45-90 

References: (a) Widemann et al., 2007; (b) Taylor et al., 1980; Schafer et al., 1990; Roos-Serote et al., 1995; Kliore, 1985; (c) Gulkis et al., 1977; Schloerb et al., 
1980; Clancy and Muhleman, 1985, 1991; Gurwell et al., 1995; Lellouch et al., 1994; Rosenqvist et al., 1995; (d) Shah et al., 1991; Lellouch et al., 1994; Rosenqvist 
et al., 1995; Clancy et al., 2008; Lellouch et al., 2008; Rengel et al., 2008; (e) Goldstein et al., 1991; Schmülling et al., 2000; Sornig et al., 2008; (f) Crisp et al., 1996; 
Bougher et al., 1997; (g) Krasnopolsky, 1983; Bougher and Borucki, 1994; (h) Maillard et al., 1995; (i) Stewart et al., 1980; Bougher et al., 1990; Gérard et al., 1981; 
(j) Alexander et al., 1993; (k) Niemann et al., 1980; Mayr et al., 1980; Mengel et al., 1989; Keating et al., 1980; Bougher et al., 1986, 1997; (l) Paxton et al., 1985, 
1988a,b; (m) Niemann et al., 1979; Brinton et al., 1980. 

	
See several comments about Table 1 by reviewer #1.	

 
4.4 Variability in the upper mesosphere from NLTE observations  See comment by reviewer 
#1. 
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The key transition region between the upper mesosphere and the thermosphere is 
traditionally characterized by the coldest atmospheric region, the mesopause, and in the case 
of Venus, with a nearby feature sometimes called “mesopeak”, whose observational 
characterization is far from complete (Clancy et al., 2003). Since the early non-LTE works of 
Dickinson in the early 70s this warm layer is expected to respond to a direct solar absorption 
by CO2 in the near-IR, i.e. it is a specific daytime feature (Dickinson, 1972; Bougher and 
Roble, 1991; Roldan et al., 2000).  Information about the strength and variability of this 
warming would be informative of the role of dynamics at these altitudes and should help to 
validate the non-LTE models. 	

The selected results presented here show an agreement between VIRTIS and the 
VTGCM at high latitudes, within error bars, but not at equatorial latitudes, with a much colder 
upper mesosphere in the VIRTIS data. See comment by reviewer #1. This seems to be in 
contradiction with the GCM and simpler 1-D radiative equilibrium models' predictions of a 
local maximum in temperature around the subsolar point (Bougher and Roble, 1991; Roldan 
et al, 2000). One important aspect is that both CO and temperature come from the same 
VIRTIS dataset and should be explained simultaneously, which currently represents a 
challenge. The CO global results from VIRTIS, however, are consistent with a CO 
distribution controlled by dynamics below about 130 km at least, and similar sub-solar to anti-
solar variations are found with the VTGCM although the VIRTIS CO densities are 
systematically larger. Whether the two discrepancies are somehow related or they point to 
deficiencies in the data and/or in the models has not been determined.  
	
5. Three-dimensional modeling 
	
 Three-dimensional modeling tools continue to be used to study the Venus upper 
atmosphere circulation and the resulting tracer emissions, species, and temperature 
distributions (see reviews by Bougher et al., 1997, 2006; more recently see Brecht et al., 2011, 
Tingle, 2011; Brecht and Bougher, 2012; Hoshino et al., 2012). GCMs are crucial to 
synthetize the various density, temperature, and airglow datasets for extracting SS-AS and 
RSZ wind components above the cloud tops. Nevertheless, GCM models to date are generally 
designed as climate models, and are best compared with statistically averaged maps of 
nightglow and species distributions, as well as averaged temperature structures. Furthermore, 
existing GCMs are presently unable to reproduce the observed large density, temperature, and 
airglow variability (especially over ~70-120 km). Recent GCM studies employing gravity, 
tidal, and planetary wave forcing schemes are beginning to address this variability. 
 The Venus Thermospheric General Circulation Model (VTGCM) is one such upper 
atmosphere GCM that will be described in detail below. The strategy for use of the VTGCM 
has been twofold: (a) to compare the climate averaged circulation and resulting density, 
nightglow and temperature distributions with statistically averaged maps of corresponding 
measured quantities of the mesosphere-thermosphere of Venus; and (b) to subsequently drive 
variations in the VTGCM structure and winds using existing gravity wave, tidal, and 
planetary wave forcing schemes. This two-fold strategy is designed to capture the statistically 
average behavior of the global wind patterns first (and the corresponding density, temperature 
and nightglow distributions), before attempting to simulate the variability that is strongly 
evident in these same fields over ~70-120 km. This strategy offers a systematic method to 
progress beyond a climate model treatment of the Venus upper atmosphere, and thereby 
uncover the responsible processes controlling the upper atmosphere structure and global 
circulation patterns and their variability. 
	
5.1   VTGCM Framework, Inputs, and Tunable Parameters 



	 36	

 
 The VTGCM is a 3-D finite difference hydrodynamic model of Venus' upper 
atmosphere (e.g. Bougher et al., 1988) which is based on the National Center for Atmospheric 
Research terrestrial Thermospheric General Circulation Model (TGCM). The VTGCM has 
been thoroughly documented as it has been revised and improved over the last two decades; 
presented in this section is an overview of the model as implemented recently in the revised 
version of Brecht et al. (2011) and Brecht and Bougher (2012). The VTGCM solves the time-
dependent primitive equations for the neutral upper atmosphere. The diagnostic equations 
(hydrostatic and continuity) provide geopotential and vertical motion fields. Additionally, the 
prognostic equations (thermodynamic, eastward and northward momentum, composition) are 
typically solved for steady-state solutions for the temperature, zonal and meridional velocity, 
and the mass mixing ratios of specific species. The VTGCM model domain covers a 5° by 5° 
latitude-longitude grid, with 69 evenly spaced log-pressure levels in the vertical, extending 
from ~70 to 300 km (~70 to 200 km) at local noon (midnight). This altitude range ensures that 
all dynamical influences contributing to the nightglow layers (i.e. NO, O2, OH) can be 
captured, and wave propagation above the cloud tops can be addressed. The lower boundary 
of the VTGCM has recently been improved to include the self-consistent latitude and local 
time variation of temperatures, zonal and meridional winds, and heights near ~69 km, in 
accord with current Venus lower atmosphere General Circulation Models and available VIRA 
datasets (Kliore et al., 1985).  
 The VTGCM includes parameterizations for CO2 15-µm cooling, infrared (IR) heating, 
and extreme ultraviolet (EUV) heating. Reference CO2 15-µm cooling rates for a given 
temperature and composition profile are taken from Roldan et al. (2000); cooling rates for the 
simulated VTGCM temperatures and species abundances are calculated (from these reference 
rates) based upon a slight modification of the parameterization scheme described previously 
(e.g. Bougher et al., 1986). The near-IR heating term is incorporated in the VTGCM using an 
online simulated look-up table (organized as a function of pressure and SZA), and updated 
recently using Roldan et al. (2000) rates. The VTGCM can capture the full range of EUV-UV 
flux conditions. The latest ion-neutral reactions and rates being used in the VTGCM are 
largely taken from Fox and Sung (2001). 
 Sub-grid scale wave effects cannot be captured by the VTGCM directly. Instead, wave 
drag is presently being prescribed as a Rayleigh friction term within the VTGCM in order to 
mimic first order wave-drag effects on the mean flow (Bougher et al., 1999). Detailed gravity 
wave momentum deposition schemes have been tested for replacement of Rayleigh friction 
within the VTGCM code (e.g. Zalucha et al., 2013). However, such schemes are not presently 
validated for dedicated usage in VTGCM simulations. The eddy diffusion coefficient is 
prescribed using a common aeronomical formulation (see von Zahn et al., 1979). The 
nightside eddy diffusion coefficient has a prescribed maximum value of 1.0 x 107 cm2 s-1 (see 
Brecht et al., 2011); this value can be easily varied in sensitivity studies. See comment by 
reviewer #1. 
 
5.2 VTGCM Outputs and Comparisons with Various Vex Datasets. 
	
 It is noteworthy that the VTGCM has largely been run as a climate model thus far. 
This means that model adjustable parameters have been specified to enable time and spatially 
averaged VEx O2 and NO nightglow distributions (Brecht et al., 2011), VEx atomic O density 
distributions (Brecht et al., 2012), VEx and ground-based mean dayside temperatures (Brecht 
and Bougher, 2012), and time-averaged terminator temperature profiles (Bougher et al., 2015) 
to be reproduced by corresponding VTGCM outputs. Nevertheless, the changing SS-AS and 
RSZ wind components of the real atmosphere provide significant variations of these densities, 
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temperatures, and nightglow distributions over time, for which the climate model capability of 
the VTGCM is not adequate to address.  
 Figure 19 illustrates the VTGCM “best case” neutral temperatures near the equator for 
solar minimum conditions (appropriate to early Venus Express sampling). These results (and 
those presented in fig. 20, 21, 23, and 24) were obtained following the model run described in 
Bougher et al. (2015). Dayside temperatures approach ~240-245 K above ~160 km, in accord 
with previous estimates for solar minimum conditions (e.g. Kasprzak et al., 1997). A 
mesopeak of warm temperatures is also simulated near ~115 km, in accord with previous 1-D 
radiative equilibrium calculations (Roldan et al., 2000) and ground-based measurements at 
~110 km (Sonnabend et al., 2010). The VTGCM calculation also shows a peak nightside 
temperature of ~195 K at ~103 km. This warm temperature, absent in earlier versions of the 
VTGCM, is directly connected with the more realistic 4.3-µm heating on the dayside, and the 
resultant enhancement of day-to-night winds in the lower thermosphere. The stronger winds 
create a larger thermal advection and result in increased adiabatic heating near midnight. The 
VTGCM nightside temperature of ~195 K near ~100 km corresponds to mean wind 
conditions, in accord with statistically averaged VEx spacecraft and ground-based 
observations (e.g. Bertaux et al., 2007; Bailey et al., 2008a, b; Clancy et al., 2008; Brecht and 
Bougher, 2012).   
 Figure 20 illustrates 1-D heat balance terms for an overhead sun (SZA~ 0°) from the 
same VTGCM “best case”.  Notice that at the peak of EUV heating (~150-160 km), the 
primary cooling agent is CO2 15-µm cooling. This balance determines that the solar cycle 
variation of topside temperatures for Venus is rather small (~60-70 K) (see Kasprzak et al., 
1997). Below 140 km, near IR heating is primarily balanced by CO2 15-µm cooling. 
Dynamical terms appear to play a small role on Venus dayside thermosphere (i.e. a nearly 
radiative balance is achieved).   
	

				 	
	
Figure 19: VTGCM slice (70-180 km) near the equator for neutral temperatures (K) (altitude 
vs. LT). Solar minimum conditions (F10.7 ~ 70 at Earth) are utilized (from Bougher et al., 
2013).  	
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Figure 20: VTGCM heating and cooling rates (K/day) for solar minimum conditions at SZA 
~0° (on the equator at noon) (from Brecht et al., 2012).  
 
 Figure 21 shows zonal wind profiles corresponding to the same “best case” simulation 
at the equator for VTGCM morning terminator (MT) and evening (ET) terminator winds.  
These panels clearly indicate that symmetric (SS-AS only) winds have equal (but opposite 
signed) magnitudes at the ET and MT locations, while asymmetric (SS-AS + RSZ) winds do 
not.  The difference between these two components is plotted in the last panel, illustrating the 
fact that VTGCM prescribed RSZ winds are very weak from ~90 km to 115 km. See comment 
by reviewer #1. This prescribed behavior is consistent with statistically averaged VEx 
measurements and their implications for zonal winds. Above ~115 km, RSZ winds are 
increasing yielding values that approach ~70-80 m s-1 (see Brecht and Bougher, 2012 and 
Bougher et al., 2013). These RSZ wind magnitudes above ~130 km are consistent with NO 
nightglow statistically averaged distributions gleaned from existing PVO and VEx 
measurements. 
 The dayside to nightside transition at the ET and MT should yield temperature profiles 
that are consistent with the combined SS-AS and RSZ circulation patterns; see the zonal wind 
profiles shown in Figure 21. A comparison of terminator temperature profiles is given in 
Figure 22, for which VEx temperature profiles deduced from SOIR are plotted against various 
model runs of the VTGCM. VTGCM simulated temperatures reasonably match SOIR profiles 
above ~105-110 km; below, simulated temperature values are much cooler, indicating a 
missing VTGCM heating source, especially at low latitudes (Bougher et al., 2015). 
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Figure 21: VTGCM profiles at the equator for morning (MT) and evening (ET) terminator 
winds (m/s). Symmetric winds (dotted lines) have no RSZ component, while asymmetric 
winds (solid lines) do. Winds are positive from West to East (from Brecht and Bougher, 2012 
and Bougher et al., 2013). 
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Figure 22: Morning terminator (top) and evening terminator (bottom) panels illustrate 
temperature profiles from both VEx SOIR measurements and various VTGCM simulations 
for the 0-30° N latitude bin. Simulations refer to: (a) solar minimum (SMIN) conditions (blue), 
(b) solar moderate (SMOD) conditions (green), (c) SMIN with maximum wave drag (red), 
and (d) SMIN with minimum wave drag (light blue). The SOIR VAST averaged profile is 
shown for comparison (purple).   The vertical axis throughout is given in mbars (from 
Bougher et al., 2015). See comment by reviewer #1. 
 

Sensitivity tests were also performed to investigate the role of eddy diffusion and 
winds in driving variability in the VTGCM (e.g. Brecht et al., 2011).  These tests revealed the 
wave drag parameter (impacting wind magnitudes) controls the intensity of the nightglow 
emissions, while eddy diffusion (impacting vertical mixing) controls the altitude of the 
nightglow layers. Figure 22 shows midnight profiles of: (a) temperatures and (b) O densities 
for the “best case” VTGCM simulation, along with profiles for extreme values of the 
nightside eddy coefficient (Kmin = 0.1 x 107 cm2 s-1 and Kmax = 8 x 107 cm2 s-1) and the wave 
drag parameter (Rayleigh friction timescale: τmin = 0.7x10-4 s-1 and τmax = 2.0x10-4 s-1). The 
large variations in O densities give rise to a factor of ~2.5 change in the peak O2 IR nightglow 
intensities (~1.4 to 3.3 MR). Temperatures also change dramatically near ~100-105 km, in 
accord with VEx and ground-based measurements (e.g. Bertaux et al., 2007; Bailey et al., 
2008a; Ohtsuki et al., 2008).  
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Figure 23: VTGCM temperature and O density profiles (midnight at the equator) for standard 
(blue curve) and extreme values of the nightside eddy diffusion coefficient (kmax, kmin) and 
wave drag parameter (tsmax, tsmin). Variations in temperatures at 100-105 km are large (180-
205 K). Corresponding variations in O densities are large above ~110 km (from Bougher et 
al., 2013). See comment by reviewer #1. 
 
 The VTGCM “best case” also produces O2 IR nightglow peak intensities within the 
observational ranges provided by VEx as described in Gérard et al. (2008c, 2009b), and is in 
accord with hemispheric mean values derived in those studies.  The O2 nightglow peak 
volume emission rate (Figure 24) produced by the VTGCM is ~2.1x106 photon cm-3 s-1 and is 
located near the equator at 00:00 LT at an altitude of ~101 km (close to the warm region in 
Fig. 23).  The corresponding O2 nightglow peak vertical intensity was calculated to be ~2.12 
MR. Statistically averaged observations reveal the mean peak intensity to be ~1.9 MR at 96 
±2.7 km and on average appearing near midnight (Gérard et al., 2008c; Soret et al., 2012a). 
The VTGCM produces a hemispheric average intensity of ~0.53 MR, which is in excellent 
agreement with the similarly calculated VEx value of ~0.50 MR (e.g. Soret et al., 2012a). The 
corresponding nightside VTGCM O density map (Brecht et al., 2012) is also in accord with 
the VEx deduced map (Soret et al., 2012a) within ~30-45° of the anti-solar point. 
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Figure 24: The O2 nightglow peak volume emission rate (log10, ph/cm3 s-1) at the equator 
spanning 80-180 km. The VTGCM produces O2 IR nightglow peak intensities within the 
observational ranges provided by VEx as described in Gérard et al. (2008b, 2009a), and is in 
accord with hemispheric mean values derived in those studies (from Bougher et al., 2013). 
See comment by reviewer #1. 
 
 The VTGCM produces NO UV nightglow (both peak and hemispheric mean) vertical 
intensities slightly smaller than the observational ranges provided by VEx as described in 
Gérard et al. (2008b), Cox et al. (2010) and Stiepen et al. (2013). The NO nightglow peak 
volume emission rate (Figure 25) produced by the VTGCM is ~1.4 x 103 photon cm-3 s-1 and 
is located near the equator at 01:00 LT at an altitude of ~108-109 km.  The corresponding NO 
nightglow peak vertical intensity was calculated to be ~2.2 kR.  Statistically averaged 
observations reveal the mean peak intensity to be ~4.0 kR at 115±7 km and on average 
appearing near 2-3 AM (Stewart et al., 1980; Stiepen et al., 2012; 2013). The VTGCM 
produces a hemispheric average intensity of ~1.0 kR, which is about 50% of the similarly 
calculated VEx value of ~1.9 kR (e.g. Stiepen et al., 2013).  In addition, the VTGCM 
simulations of the NO nightglow layer provide peak intensities (~50% of those observed) and 
peak layer altitudes (~6 km lower than observed) that are not consistent with corresponding 1-
D models (e.g. Stiepen et al., 2013). See comment by reviewer #1. Differences in 1-D versus 
3-D model treatments of    prescribed eddy diffusion coefficients are being investigated to 
potentially raise the simulated airglow layer, increase the resulting vertical intensities toward 
observed values, and move the location of the statistical peak emission toward 2-3 AM. 
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Figure 25: The NO nightglow peak volume emission rate (log10 ph/cm3/s) at the equator 
spanning 80-160 km. The simulated NO UV nightglow peak volume emission rate is ~1.4 x 
103 photon cm-3 s-1 and is located near the equator at 01:00 LT at an altitude of ~108-109 km.  
The corresponding NO nightglow peak vertical intensity was calculated to be ~2.2 kR (from 
Bougher et al., 2013). 	
 
5.3 LMD-VGCM model and O density 
 
 The LMD Venus General Circulation Model (LMD-VGCM) (Lebonnois et al., 2010) has 
been extended by Gilli et al. (2016) to include thermospheric dynamics and photochemistry. 
The model extends from the ground up to the ~150 km level and solves the primitive 
equations of hydrodynamics. The photochemical module includes 34 species providing a full 
description of the chemistry of carbon dioxide, oxygen, hydrogen, chlorine and sulfur 
compounds implying 102 reactions. Non-orographic gravity waves are generated above the 
middle cloud region, propagate upward and break in the thermosphere. They described the 
processes occurring in the ‘transition’ region between the zonal circulation and the subsolar to 
antisolar flow. The atomic oxygen concentrations predicted by the LMD-VGCM peak around 
100 km at nighttime. They were compared with the O density profile derived by Gérard et al. 
(2009) and Soret et al. (2012) from the VIRTIS O2 1.27 µm nightglow observations, the 
VTGCM results by Brecht et al. (2012) and the photochemical model by Krasnopolsky (2012). 
The agreement was generally good except near the antisolarpoint where the LMD-VGCM are 
larger than observed by a factor ~2. See comment by reviewer #1.	
	
	
5.4 Gravity waves: airglow and other signatures See comment by reviewer #1. 
 
 There is abundant evidence for waves near Venus cloud tops (e.g. Schubert, 1983; 
Gierasch et al., 1997) and at thermosphere heights (e.g. Kasprzak et al., 1993; Bougher et al., 
1997). For instance, UV features interpreted as convective cells (Del Genio and Rossow 
1982; Titov et al., 2012) with horizontal scales of hundreds of km have been observed. The 
VEGA balloons in 1985 (Linkin et al., 1986) probed the unstable layer at about 50-55 km and 
found vertical velocities of ~1 m/s associated with convective motion. Recently, perturbations 
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in density, temperature, airglow, and cloud structures were observed by VEx, putatively 
caused by gravity waves in Venus’ upper atmosphere. For example, VIRTIS has detected 
perturbations in CO2 NLTE 4.3 μm emissions (Garcia et al., 2009), and both VIRTIS and 
VMC observed visible trains of oscillating cloud brightness in the UV for an upper cloud 
layer (~66 km) on the dayside and from thermal radiation from the lower cloud layer on the 
nightside (e.g. Peralta et al., 2008; Titov et al., 2012; Piccialli et al., 2015).  The VeRa Radio 
Science Experiment also provides wave information that is extracted from temperature 
fluctuations (Tellmann et al., 2012).  Lastly, current efforts are focusing upon characterizing 
gravity waves from VIRTIS observations of O2 IR nightglow (Altieri et al., 2014).  	
	
6.  Hot atoms and escape processes  
	
Evidence for the presence of hot H and O atoms in the upper thermosphere, their sources and 
their escape processes have been reviewed by Nagy et al. (1990), Shizgal and Arkos (1996), 
Fox and Hác (1997), Lichtenegger et al., (2009) and Gröller et al. (2010). The presence of hot 
H atoms in the Venus exosphere was discovered during the Mariner-5 and 10 missions 
(Anderson, 1976) and the existence of a hot O population  (Nagy et al., 1981) was identified 
with the PV-OUVS instrument. More recently, observations of hot H have been made with 
SPICAV. In this section, we first review recent results related to observations and modeling 
of hot H and O atoms. We then summarize the processes leading to escape of H and O atoms. 
 
6.1 Sources and distribution of hot H and O atoms 	
 

In the Venus upper atmosphere, nonthermal (hot) atoms are created by exothermic 
ion-neutral reactions. Unlike in the lower thermosphere where newly created hot atoms are 
quickly thermalized by collisions, in the upper thermosphere and in the exosphere where 
collisions become less frequent, these hot atoms are not fully thermalized and form extended 
coronae of H and O atoms above the exobase located near 200 km where collisions become 
infrequent. 
 
6.1.1 Hot H atoms 
 

 Charge exchange and momentum transfer collisions between H and ionospheric H+ 
and O+ are probably the source of the hot hydrogen population (Hodges, 1999) observed by 
Mariner 5 and 10. They include the following processes: 

 
O+ + H2 à  OH+ +  H* + 0.6 eV  
OH+ +  e à O +  H+ +  8 eV 
CO2+ +   H2 à COH+ + H* + 1.0 eV  
CO2H+  + e à  CO2   + H*  +  8.0 eV  
 
Consequently, a large fraction of the hot H atoms produced in these reactions can overcome 
the escape energy for atomic hydrogen of about 0.56 eV. Observations of the hydrogen 
corona made by SPICAV on the dayside at altitudes from 1000 km to 8000 km were analyzed 
by Chauffray et al. (2012b). The derived density of hot hydrogen was very sensitive to the 
subtraction of interplanetary emission. The Lyman-a brightness profiles were modeled by a 
two-component H atom population (Figure 26). The first one is a cold hydrogen population 
which dominates below ~2000 km and the second one a hot hydrogen population which is 
dominant above ~4000 km. The temperature and hydrogen density at 250 km near noon of the 
cold populations are ~300 K and ~1x105 cm-3 respectively, in good agreement with previous 
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observations. The transition between the cold and the hot population is sharp but variable with 
local time. A larger exobase density on the dawn side than on the dusk side was observed, 
consistent with the asymmetry previously observed, but with a lower dawn/dusk contrast.  See 
comment by reviewer #1.The night/day ratio was estimated ~20, a value smaller than the one 
deduced from ions measurements by the Pioneer Venus Orbiter. This smaller ratio could 
indicate a lower day/night temperature ratio during Vex conditions than PVO conditions. The 
density of the hot population was well reproduced by the exospheric model from Hodges 
(1999).  
 
 

 
 
 
6.1.2 Hot O atoms 
 

The presence of corona of hot O atoms has been established on the basis of the data 
collected with the PV-OUVS instrument (Nagy et al., 1981; Nagy and Cravens, 1988) and the 
Venera 11 mission (Bertaux et al., 1981). They derived a hot O density on the order of 104 
cm-3 at 1000 km (Figure 27). Exothermic reactions such as electron dissociative 
recombination of O2+ ions are the main source of suprathermal O atoms in the upper 
atmosphere of Venus (Nagy et al., 1981; McElroy et al., 1982; Krestyanikova and 
Shematovich, 2006; Lichtenegger et al., 2009; Gröller et al., 2010, 2012). This process can 
proceed according to a several energetically allowed channels, with exothermicities: 
 

O2+ + e à O(3P) + O(3P) + 6.99 eV   (0.22) (la) 
O2+ + e à O(1D) + O(3P) + 5.02 eV   (0.42) (lb) 
O2+ + e à O(1D) + O(1D) + 3.06 eV  (0.31) (ld) 
O2+ + e à O(1D) + O(1S) + 0.83 eV   (0.05) (le) 
 

Figure 26: Lyman-a intensity profile observed with SPICAV 
(stars) and comparison with the best fit profile (T= 271 K) to 
the measurements below 2000 km (solid line). Intensity profiles 
at 241 K and 315 K are shown in blue and red, respectively. The 
scale height of the observed profile is much brighter than the 
best fit above 4000 km as a consequence of the presence of hot 
H atoms (from Chauffray et al., 2012b) 
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where the branching ratios for the vibrational ground state O2+ at a zero collisional energy are 
also given in parentheses (Kella et al., 1997). Among these possible reaction paths, even the 
most exoenergetic channel provides only 63% of the escape velocity.  Consequently, 
photochemical sources play an insignificant role in controlling the O escape rate from Venus. 
On the nightside, the O2+ ion density is low and hot atoms are also formed by charge 
exchange reactions: 
 
O+ + H  à O + H+ 
O+ + O  à O+ + O 
 

According to current models (Hodges, 2000; Krestyanikova and Shematovich, 2006; 
Gröller et al., 2010, 2012), these reactions produce a hot oxygen population. Stochastic 
models could reproduce the O density profiles reported by Nagy et al. (1981). These results 
depend on the input data, the numerical values of the parameters used and assumptions made 
in the calculations. Uncertainties in the parameters and simplifications can give rise to a wide 
range of possible results. Therefore, more realistic assumptions and accurate parameters may 
lead to lower densities than predicted by earlier models. Gröller et al. (2010) found that the 
hot O dayside densities inferred from the Pioneer observations during high solar activity 
could only be reproduced on the basis of a forward scattering model but disregarding inelastic 
and quenching collisions. A similar result was obtained by Gröller et al. (2012) for the 
nightside, who calculated a nonthermal O density about an order of magnitude less than on 
the dayside.  

Observations from missions preceding Venus Express have been summarized by Fox 
and Bougher (1991). Measurements with SPICAV could not confirm Pioneer Venus 
observations, although SPICAV should have been able to detect the hot O population around 
Venus if the number density was as indicated by the Pioneer Venus observations. Similarly, 
the ASPERA-4 instrument on board Venus Express could not measure a clear ENA signal 
from oxygen. According to recent model studies, the higher O ENA intensities derived by the 
pre-Venus Express studies were most likely based on too dense exospheric densities (Gröller 
et al., 2010). In addition, the density at low solar activity during the Venus Express era was up 
to a factor of 5 less dense than for the solar maximum conditions prevailing during Pioneer 
Venus   
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Figure 27: density distribution of hot O atoms derived from the PV-OUVS observations and 
comparison with model calculations for low solar activity level (from Gröller et al., 2010). 
See comment by reviewer #1. 
 
6.2 Escape processes 
 

Processes leading to escape of hydrogen and oxygen atoms may be grouped into four 
categories: 

 
- thermal (or evaporative) escape; 
- hydrodynamic escape;  
- collisional nonthermal processes;  
- solar wind induced escape. 
 

A previous review of escape processes was given by Donahue et al. (1997) in relation 
to the evolution of water. A detailed discussion of the relative importance of these processes 
was given by Lammer et al. (2006) and modeling methods to evaluate the escape flux were 
described by Kallio et al. (2001). Atmospheric escape of hydrogen and oxygen from Venus is 
mainly influenced by the interaction of solar radiation and particle flux with the Venus 
unprotected planetary environment. Using a gas dynamic test particle model, they estimated 
the hydrogen pick rates and obtained an average loss rates for H+ of about 1x1025 s-1.      They 
estimated the ion loss rates due to detached plasma clouds ~0.5-1x1025 s-1. See comment by 
reviewer #1. Photochemically produced hot hydrogen atoms is a much more efficient loss 
mechanism for hydrogen with a global average total loss rate of ~3.8x1025 s-1. The H+ ion 
pick up rate was estimated 1x1025 s-1, much higher than the thermal escape rate of about 
2.5x1019 s-1. 

Thermal escape processes of oxygen atoms yield a negligible loss rate of about 
10 cm-2 s-1 while hot atoms produced by O2+ recombination do not reach the escape energy for 
atomic oxygen of about 9 eV. Therefore, this particle population is gravitationally bounded to 
the planet but produces a hot oxygen corona. The loss of O+ ions by solar wind pick up is 
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about 1.6x1025 s-1. Atmospheric sputtering by incident pick up O+ ions give O atom loss rates 
in the order of about 6x1024 s-1. Lammer et al.’s (2006) study concluded that the most efficient 
atmospheric escape processes for oxygen involve ions and are caused by the interaction with 
the solar wind. The results obtained indicate that the ratio between H/O escape to space from 
the Venusian upper atmosphere is about 4, and closer to the stoichiometric H/O escape ratio 
of 2:1. A detailed discussion of the solar wind escape rate and its importance is given by 
Futanaa et al. (this book). 
	
7. The ionosphere 
 
7.1 The Venus ionosphere in the pre-VEX era 
 

First observations of the electron density distribution in the Venus ionosphere by radio 
sounding  as a measure of the total plasma density distribution were obtained during the flyby 
of Mariner 5 in 1967 (Mariner Stanford Group, 1967; Kliore et al., 1967; Fjeldbo and 
Eshleman, 1969). Many other US and soviet missions followed among these Mariner 10 
(Howard et al., 1974; Fjeldbo et al., 1975), Venera-9 and -10 (Vasilev et al., 1980), Venera-15 
and -16 and Magellan (Steffes et al., 1994; Jenkins et al., 1994).  
The largest volume of ionospheric radio sounding observations of the pre-VEX era, however, 
was collected by the Orbiter Radio Occultation (ORO) investigation on-board of Pioneer 
Venus Orbiter (PVO) from 1978 to 1989 (Kliore et al., 1979a; 1979b; 1991; Kliore and 
Luhmann, 1991; Woo and Kliore, 1991). 

Constraints on the ionospheric composition and energetics came from PVO in-situ 
observations during low pericentre passes at 190 km altitude through the ionosphere from the  
Ion Mass Spectrometer OIMS (Taylor et al., 1979a; 1979b), the Retarding Potential Analyser 
ORPA (Knudsen et al., 1979a; 1979b), and the Electron Temperature Probe OETP (Brace et 
al., 1979). A summary of in-situ observations can be found in Brace et al. (1983). Brace & 
Kliore (1991) have written a thorough review and comparison of remote sensing and in-situ 
observations.  
 
7.2 Formation and general structure of the Venus ionosphere 
 

Figure 28 shows exemplarily the general structure of a quiet Venus ionospheric 
electron density distribution. The two-layer structure of the lower ionosphere with the lower 
"V1"1 layer at an radius of 6180 km2 (altitude of 130 km) and the main "V2" layer at a radius 
of 6190 km (altitude 140 km)  is prominent (Pätzold et al., 2007; Girazian et al., 2015). This 
specific electron density profile was observed on DOY017, 2008, by the Venus Express 
Radio Science Experiment VeRa (Häusler et al., 2006) by radio occultation at X-band and at 
simultaneous S-band frequencies (differential Doppler).  

	
1 Footnote: other researchers call the lower and the main layer E and F1 layer, respectively, in order to 

compare with similar formations in the Earth ionosphere (e.g. Bauer, 1973; Banks &Kockarts, 
1973; Fox, 2007). We adopt the notation of Rishbeth & Mendillo (2004) for the Mars 
ionosphere and call the layers V1 and V2 where "V" stands for Venus. This avoids confusion 
when comparing planetary ionospheres. 

2 Footnote: The processing of radio occultation data yields the refractivity as a function of radius with 
respect to the center of planet. The altitude assignments are principally relative to the Venus 
geoid which is realized by the mean planetary radius of 6050.8 km because of the non-oblate, 
spherical shape of the planetary body. 
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Solar radiation at EUV (15-100 nm) and soft X-ray (1-15 nm) ionize the CO2 molecule which 
is the main species of the neutral atmosphere up to 200 km altitude. Rapid molecular reactions 
with neutral atomic oxygen form O2+ via 

                                              (7.1) 
The O2+ ion is the dominant ion in the ionosphere up to 200 km, the original ion CO2+ 

is a minor species of 1% to 10% by volume. 
Another ion produced by photo-ionization is O+ which is also transformed to O2+ by chemical 
reactions with CO2 below 200 km  

                                               (7.2) 
but maintained above 200 km and becoming there the dominant ion. See comment by reviewer 
#1. 
The general layered structure of the lower ionosphere below 200 km is maintained by the 
photo-chemical equilibrium balance of production and loss. In this photo-chemical 
equilibrium region the ions and electrons are lost by dissociative recombination 

                                                    (7.3) 
The V2 layer is formed primarily by photo-ionization in the EUV spectral range and 

by only a small fraction by impact ionization of energetic electrons. The contribution from 
secondary ionization is in the order of 10% as shown by Peter et al., (2014) by comparisons 
between model calculations and VeRa electron density measurements.  
The primary photo-ionization by X-rays cannot account for the observed V1 peak electron 
densities. The secondary impact ionization by energetic electrons is dominant (Peter et al., 
2014). 
 
7.3 VEX-VeRa Observations, Detailed Structures and Layers 
 

The full structure of the ionosphere can only be assessed by remote sensing radio 
occultation methods. This reveals the electron density distribution as a function of radius with 
respect to the center of the planet or altitude when applying the mean planetary Venus radius 
of 6050.8 km. As a matter of fact, however, the electron density distribution stands for the 
total ion or plasma distribution. The composition can be assessed in-situ during low (< 190 
km) pericenter passes which was done primarily by Pioneer Venus Orbiter (PVO) (Bauer et 
al., 1977; Brace et al., 1983; Bougher et al., 1989).  
9ure 29 shows a number of ionospheric electron density profiles observed by VeRa. VeRa 
used two coherent one-way downlink frequencies at X-band (8.4 GHz) and S-band (2.3 GHz) 
stabilized by an Ultrastable Oscillator (USO) (Häusler et al., 2006) for the radio sounding of 
the neutral atmosphere (Tellmann et al., 2009; 2012) and the ionosphere (Pätzold et al., 2007; 
2009; Peter et al., 2014). Figure 29 also shows the great advantage created by using two 
coherent downlink frequencies (differential Doppler). The latter allows the derivation of the 
true plasma distribution in the ionosphere in particular when compared to the profile derived 
from a single radio frequency (at X-band). See comment by reviewer #1. 

Figure 29a shows the full profile from the base at 6150 km (100 km altitude) to the 
ionopause See comments by reviewer #1. The ionopause feature itself is a strong gradient of 
electron density over a short altitude range (30 km - 50 km) at about 6350 km radius (300 km 
altitude towards the noise level. See comment by reviewer #1. The ionopause altitude varies 
depending on the kinetic state of the solar wind and the solar activity (Figure 29). The 
electron density noise level of the profile in Figure 28 is about 2,300x106 m-3 at differential 
Doppler in Figure 28a, somewhat higher than the noise level in the profile derived from single 
X-band frequency. See comment by reviewer #1.The electron density noise level strongly 
depends on the turbulence of the solar wind (the radio signal must propagate through 

2 2 2CO O O CO+ ++ ® +

2 2O CO O CO+ ++ ® +

2 2O e O+ -+ ®
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interplanetary space before being received at the ground station on Earth) and the elongation 
angle of Venus relative to the solar disk as seen from the Earth. The electron density noise 
increases with decreasing elongation angle. Therefore, the observed electron density noise is 
not necessarily a property of the ionosphere and does not describe the inherent ionospheric 
turbulence but is dominated by the radio propagation through the turbulent solar wind outside 
of the ionosphere. A noise level of 1,000x106 m-3 is a typical value for the entire VEX 
mission. See comment by reviewer #1. One may encounter a few 100x106 m-3 during inferior 
conjunction at X-band or extremely high levels during solar conjunction which are then a 
description of the plasma turbulence within the solar corona. See comment by reviewer #1. 
The electron density ne decreases between the topside above typically 6250 km radius  (200 
km altitude) to the ionopause altitude exponentially 
 

                                              (7.4) 

 
where Hp is the plasma scale height and n0 is the electron density at altitude z0. The plasma 
scale height and therefore the plasma temperature defines the slope of the decrease in density 
and may vary over wide ranges from occultation to occultation. Values between 20 km < Hp < 
120 km have been observed during the VEX mission. Many electron density profiles show a 
bulge in the topside (Pätzold et al., 2007) between 6200 km (150 km altitude) and 6250 km 
(200 km) (Figure 30). See comment by reviewer #1. Simulations and models have shown that 
this bulge is not formed by photo-ionization (Peter et al., 2014). The bulge is also not present 
in ionospheric standard models (e.g. in Fox (2007), although this model is constrained to very 
high solar zenith angles). There are also no reports from earlier radio sounding experiments, 
in particular PVO. There is currently no definite solution on the formation of the bulge. 

The two prominent features of the electron density distribution are the two layers V1 
and V2 (Figures 28 and 30). The lower V1 layer is a common feature in the Venus ionosphere, 
showing its shape more or less pronounced as a function of solar zenith angle (SZA) and solar 
activity (Girazian et al., 2015). See comment by reviewer #1. The V1 layer was seldom 
described in past missions. Breus et al. (1985) reported its existence from Venera-15 
occultations; Kliore et al. (1979b) reported only once about the V1 layer for high solar zenith 
angles; Cravens et al. (1981) called it a "ledge" below the V2 layer. Comparing VeRa electron 
density profiles from solar minimum and solar maximum, the V1 layer is in particular strong 
and pronounced at solar maximum (Figures 29 and 31).  See comment by reviewer #1. 
 

 
 

0
0 expe

p

z zn n
H

ì ü-ï ï= -í ý
ï ïî þ



	 51	

 
Figure 28: quiet electron density profile of the Venus ionosphere derived from VEX-VeRa 
radio occultation on DOY 017, 2008, during egress at X-band (open circles) and differential 
Doppler (filled circles). The electron density distribution is called "quiet" because both 
profiles derived from the X-band and the differential Doppler agree very well and the 
distribution is not perturbed by other effects. Panel (a): full profile from 6150 km radius 
(about 100 km altitude) to 6450 km radius (400 km altitude). The mean noise level of the 
differential Doppler profile is at about 2,300x106 m-3. The ionopause (a strong gradient 
towards the noise level) is at 6300 km radius; panel (b): zoom of (a): the lower ionosphere is 
dominated by the main layer V2 and the lower layer V1 at 6190 km (140 km altitude) and 
6180 km (130 km altitude), respectively. The base of the ionosphere is at about 6160 km (110 
km altitude).  The left dash-dotted vertical lines are the 1-s noise level, the right dash-dotted 
lines are the 3-s  noise level. Figure courtesy VEX-VeRa team. 
 

The V1 layer appears in models based on photo-ionization and secondary ionization 
(Fox & Sung, 2001; Fox, 2007; Peter et al., 2014). Although these models were all based on 
inadequate models of the background neutral atmosphere at ionospheric altitudes (the Hedin 
model for the models by Fox (2007); VENUSGram and VIRA for the model by Peter et al. 
(2014)), it is clear that secondary ionization by impacts of energetic electrons formed by solar 
soft X-rays is the dominating ionization process up to ten times stronger than the primary 
ionization by solar photons. See comment by reviewer #1. 
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Distinct, low-lying layers of electron density below the base of the ionosphere were 
detected by VeRa (Pätzold et al., 2009). The layers appear sporadically and occasionally. 
They could be identified on the dayside only and appear to be geographically localized as 
they usually occur either on the northern or southern hemisphere of the same VEX orbit. The 
low electron density layers are detected at all latitudes but only for 55°≤SZA≤90° (Pätzold et 
al., 2009). Withers et al. (2013) found some evidence for the appearance of lower layers in 
electron density profiles from earlier Venus missions as Mariner-10, Venera-9 and -10 and 
Pioneer Venus Orbiter. 
 

 
Figure 29: VeRa electron density profiles showing the variability over the mission time. 
Profiles were derived from single frequency at X-band (open circles) and dual-frequency 
differential Doppler (filled circles). The true plasma distribution is displayed by the 
differential Doppler profile. The deviations of the X-band profile are caused by small-scale 
spacecraft bus vibrations or other vibrational disturbances at the ground station which produce 
an extra Doppler contribution along the line-of-sight and perturb the derived electron density 
profile. The left dash-dotted vertical line in all panels is the 1-s noise level, the right dash-
dotted line is the 3- s  noise level. Figure courtesy VEX-VeRa team. See comment by 
reviewer #1. 
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Figure 30: VeRa electron density profile from DOY 196, 2006, derived from single 
frequency X-band (open circles) and simultaneous dual-frequency recordings (closed circles) 
which represent the true plasma distribution. The V1 and V2 layers are well resolved, the 
diffusion region starts at 6235 km radius (185 km altitude), followed by the ionopause at 6290 
km (240 km altitude). There is a “bulge” between the V2 peak altitude at 6195 km (145 km 
altitude) and the diffusion region (arrow) which is not formed by photoionization. The left 
dash-dotted vertical line in all panels is the 1-s  noise level, the right dash-dotted line is the 3-
 s  noise level. Figure redrawn from Pätzold et al. (2007). See comment by reviewer #1. 
 
Figure 32 shows three examples of extra electron density layers (Pätzold et al., 2009): panel 
(a) a fully detached layer well below the base of V1, panel (b) a layer merged with the base of 
V1 and panel (c) two distinct layers, one partially merged, the other one well detached and at 
very low altitudes.  

In fact, sporadic plasma layers were expected and predicted (Pesnell and Grebowsky, 
2000; Grebowsky et al., 2002; Pesnell et al., 2004; Molina-Cuberos et al. 2008) and believed 
to be caused by the surface ablation of metallic atoms from incident meteors and subsequent 
ionization. Such a “meteor layer” contains metallic ions, namely iron and magnesium. A well-
known phenomenon in the Earth ionosphere, it was also predicted for the Mars ionosphere 
(Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2008) and discovered by the MaRS 
radio science team on Mars Express (Pätzold et al., 2005; Withers et al., 2008).  
The VeRa data (Pätzold et al., 2009) suggest that the “meteor layer” phenomenon is sporadic 
and not a permanent dayside feature with regard to the sensitivity of the radio science method. 
The existence of a night-side “meteor layer” is difficult to identify because of the unstructured 
night-time ionization (Pätzold et al., 2007). See comment by reviewer #1. 

There is convincing evidence that the lower layers below V1 are formed by incident 
meteors. There are, however, results from modeling which show a NO+ layer or ledge below 
V1 at altitudes where meteor layers are observed (Fox and Sung, 2001). This “NO+ layer” is 
formed by quite a number of chemical reactions between the basic neutral and ionized species 
of the atmosphere and ionosphere. Such a lower layer should therefore be a standard feature 
of the ionosphere. The potential ion densities (or equivalent electron densities) are above 
typical electron density noise levels of radio occultation experiments in particular at solar 
maximum. There is, however, no strong observational evidence for such a lower layer in the 
“all-day” ionosphere. See comment by reviewer #1. 
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Figure 31: two VeRa electron density profiles observed at solar minimum (panel a) and solar 
maximum (panel b). Both layers V1 and V2 appear stronger and more pronounced at solar 
maximum than at solar minimum (dashed-dotted vertical lines). There is no obvious change in 
the altitudes of the V1 and V2 layers (dashed horizontal lines).  The slope of the diffusion 
region is also steeper at solar maximum (solid line) then at solar minimum (dash-dotted 
inclined line). Figure courtesy VEX VeRa team. See comment by reviewer #1. 

 
Figure 32: Three examples for “meteor layers” below 120 km (6170 km radius), the altitude 
of the lower layer V1, in the Venus ionosphere as observed by VeRa. The upper row shows 
the full electron density profiles; lower row shows the altitude range between 100 km and 130 
km altitude (6250 km to 6180 km radius). Filled circles are the observed electron density 
profile; open circles are the difference between the observation and a fit on the base of V1 
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(dashed line) and are supposed to represent the “meteor layer” density distribution; the solid 
line is a Gauss fit on the open circles and the open triangles are the residual differences 
between the open circles and the Gauss fit. Panel (a):  meteor layer detached from the V1 
layer; panel (b): meteor layer merged with the base of the V1 layer; panel (c): double meteor 
layer, one detached and one merged with V1. Figure taken from Pätzold et al. (2009). 
 
7.4 Variability of the Venus Ionosphere 
7.4.1 Solar flux and solar activity 
 

Both, the V1 and the main layer V2 react strongly to changes in solar flux in the X-ray 
and EUV wavelength ranges, respectively (Kliore and Luhmann, 1991). Changes in solar flux 
are caused by solar flaring (strong at X-ray), solar rotation and solar cycle (both wavelengths 
but stronger at EUV). An orbital effect is not present with Venus because of the near-circular 
orbit in contrast to Mars (Peter et al., 2014). 
Figure 33 shows the integrated solar flux at the position of Venus over the VEX mission time 
(taken from Peter et al., 2014). The pronounced deep solar minimum from 2007 to the end of 
2009 is clearly visible. There is a change in flux between solar minimum and maximum by 
25%. Short-period peaks during the declining and raising phase of solar cycles 23 and 24, 
respectively, are caused by the solar rotation. Note that the flux during solar minimum was 
nearly constant without pronounced peaks. Figure 31 compares two electron density profiles 
from solar minimum (DOY 199, 2009) and solar maximum (DOY 198, 2012) for the same 
SZA. The V1 and the V2 peaks are more pronounced at solar maximum than at solar 
minimum. The higher V2 peak density at solar maximum is caused by the higher solar flux.  
Short-term changes of solar flux at the position of Venus like solar flaring (few hours 
duration) and even changes caused by solar rotation are then contained in the scatter of the 
peak densities for a given solar cycle phase (Figure 34a). See comment by reviewer #1. 

 
 
Figure 33: Integrated solar flux between 0.1 nm and 95 nm (X-ray to EUV) at the position of 
Earth (Tobiska, 2000) and calculated for the positions of Venus and Mars from 2004) solar 
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cycle 23 to 2012 (shortly after the start of solar cycle 24). Spikes are flux changes caused by 
the solar rotation; the large-scale variation at Mars is caused by the elliptical Mars orbit. 
Clearly seen is the deep solar minimum from 2007 to the end of 2009 and the rise of activity 
at the start of the new solar cycle in 2010. The light and dark grey bars are the occultation 
seasons. The dark bars are nighttime observations. The lower panel shows the F10.7 solar 
radio flux as a proxy for solar activity. Figure taken from Peter et al. (2014). See comment by 
reviewer #1. 
 
7.4.2 Solar Zenith Angle 
 

Figure 34 is the typical "Chapman Plot" of V2 peak electron density and V2 peak 
altitude as a function of Solar Zenith Angle (SZA). Chapman theory predicts for a one-species 
atmosphere at constant temperature ionized by a single wavelength radiation that the peak 
density ne varies as 

                                (7.5) 
and the peak altitude h as 

                             (7.6) 
where H is the neutral scale height. 

Figure 34a shows the V2 peak density observed by VeRa as a function of SZA. The 
branching of the density for small SZA depending on the solar flux is clearly resolved. See 
comment by reviewer #1.Both the solar minimum and maximum peak density distributions in 
Figure 34a follow well the ideal Chapman relation (7.5). Comparing Figure 33a with the 
similar Figure in Cravens et al. (1981) (Figure 35) reveals that the VeRa solar minimum V2 
peak density follows exactly the Venera solar minimum densities. The VeRa solar maximum 
V2 peak densities are well below the PVO V2 peak densities. This is easily explained by the 
strength of the solar cycles 21 with its maximum in 1980 and cycle 24 with its maximum in 
2014. Cycle 21 appears much stronger than cycle 24 (Figure 36). The V2 peak density is 
therefore clearly under solar control.  

Figure 34b shows the V2 peak altitude observed by VeRa as a function of SZA. The 
peak altitude is constant at 140.7 ± 0.75 km for 10°<SZA<60° as already reported from PVO 
data (Cravens et al., 1981). Cravens et al. (1981), however, observed a decrease in altitude for 
60°<SZA≤85° while the peak altitude increased strongly again near the terminator. The drop 
in altitude in the PVO V2 altitudes was explained as the cooling of the atmosphere for large 
SZA. The VeRa observations are in contrast to the PVO observations by Cravens et al. (1981). 
VeRa observed a non-varying thermal structure towards the terminator (Figure 34). VeRa 
data fill the range of 140.7±3 km uniformly in contrast to the PVO data for 60°<SZA<85° See 
comment by reviewer #1. The discrepancy might at least partially be explained by the 
statistical difference in the PVO and VeRa data sets. The number of VeRa occultations on the 
dayside is more than three times larger than those from PVO. See comment by reviewer #1. 
There is also no solar cycle effect identifiable in the VeRa altitude data towards the terminator. 
Solar maximum and solar minimum peak altitudes are evenly distributed over the entire range 
of SZA.   

Girazian et al. (2015) studied the behavior of the V1 layer based on 200 VeRa electron 
density profiles. The V1 layer was characterized with respect to peak density, peak altitude 
and morphology as a response to changes in the SZA and solar activity. The V1 peak altitude 
does not change as well as the V2 altitude that is also explained as a constant thermal 
structure of the neutral atmosphere at ionospheric altitudes towards the terminator. See 

( ) ( ) ( )0.5
,0 0 cose en SZA n SZA SZA= = ×

( ) ( ) ( )( )0 0 ln cosh SZA h SZA H SZA= = - ×



	 57	

comment by reviewer #1 The solar X-ray flux changes stronger than EUV with increasing 
solar activity and the V1 shape appears more pronounced at solar maximum than V2. 

 

 
 
Figure 34: panel (a): V2 peak density as a function of solar zenith angle as observed by VeRa 
from 2007 to 2014. Filled circles are data from solar minimum (2007 to 2010) and open 
circles are data from solar maximum (2010 to 2014). The solid and dashed curves are ideal 
Chapman relations according to equation (7.5). The vertical dashed line marks the terminator. 
Panel (b): V2 peak altitude as observed by VeRa. The peak altitude remains constant at 140.7 
km +/- 3s for SZA ≤ 80° (middle dashed dotted line). See comment by reviewer #1. Although 
the scatter increases for increasing SZA, the altitude remains constant on average. The 
expected increase is seen for SZA ≥ 80° and decreasing for 90° ≤ SZA ≤100°. Altitudes for 
SZA ≥ 100° are uncorrelated according to a random nighttime structure. The upper and lower 
dashed dotted horizontal lines indicate the 3s noise level. Figure courtesy VEX VeRa team. 
See comment by reviewer #1 
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Figure 35: V2 peak electron density as a function of SZA (taken from Cravens et al., 1981). 
Venera 9 and 10 peak densities from solar minimum (open circles) and PVO peak densities 
from solar maximum 1980 (stars, filled points, open circles with points) follow the Chapman 
relation (7.5) shown as dashed curves. The VeRa solar minimum peak densities from Figure 
34 follow the Venera solar minimum densities; the VeRa solar maximum peak densities from 
Figure 34 are in between the Venera and PVO peak densities in this Figure. See comment by 
reviewer #1 
 

 
 
Figure 36: panel (a): solar F10.7 index for solar cycle 21 (blue dots) and solar cycle 24 (red 
dots) relative to the time of the respective solar maximum (dash-dotted line). Note that the 
maximum of solar cycle 24 is about half the strength of the maximum of cycle 21. Note also 
the pronounced weak solar minimum of cycle 24. The starts of cycle 21 and 24 are indicated 
by the solid vertical line. Panel (b): same as panel (a) but as solar sunspot number. The data 
points in both panels are daily averaged values. See comment by reviewer #1 
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7.4.3 Ionopause altitude 
 

The ionopause is the boundary between the kinetic pressure of the solar wind hitting 
the upper atmosphere and the plasma pressure of the ionosphere. See comment by reviewer #1 
The ionopause altitude at Venus was defined the PVO in-situ instruments as that altitude 
where the plasma density drops below 100x106 m-3 at a steep gradient (Brace et al., 1983). 
The Venus express magnetometer MAG observed a drop in magnetic field strength at that 
ionopause altitude (Zhang et al., 2008).  The noise level of VeRa (but also PVO ORO) radio 
occultation electron density profiles is much higher, 1,000x106 m-3 on average depending on 
the turbulent state of the solar wind. Nevertheless, a steep electron density gradient is mostly 
observed on top of the diffusion region. Kliore and Luhmann (1991) defined the ionopause 
altitude for PVO ORO radio occultation electron density profiles when the electron density 
falls below 500x106 m-3 regardless if there is a steep or gradual (even directly from the 
diffusion region) drop of electron density. See comment by reviewer #1 If the electron density 
noise level is high and the density never drops below 500x106 m-3, the altitude was chosen 
where the profile merged with the noise level.  
VeRa profiles derived from differential Doppler rarely showed a noise level less than 
1,000x106 m-3 but show mostly a strong gradient starting from the top of the diffusion region 
towards the noise level over a few 10 km altitude range (Figures 28, 29 and 30). Following 
the definition by Kliore and Luhmann (1991), Figure 37 shows the ionopause altitudes for 
low, medium and high solar flux as a function of SZA. Solar minimum ionopause altitudes 
are fairly constant between 200 km and 275 km over the entire range of SZA. Solar maximum 
ionopause altitudes are mostly higher than 275 km. Both solar minimum and maximum 
ionopause altitudes drop below 200 km and 275 km, respectively, for SZA > 80°. This 
corresponds mostly with PVO observations although the drop for SZA > 80°was not observed 
(Kliore, 1992). See comment by reviewer #1 
 
 

 
Figure 37: Venus ionopause altitudes as a function of SZA as observed by VeRa from 2007 
to 2014. There is a clear separation of the ionopause altitudes for solar minimum or maximum 
conditions. Figure courtesy VEX VeRa team. 
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8. Summary and perspectives 

In this section, we summarize some of the major advances in aeronomy of the Venus 
upper atmosphere during the last 20 years and address some of the remaining questions and 
perspectives.  

The SPICAV and VIRTIS remote sensing instruments on board Venus Express have 
provided a wealth of new results and have significantly improved knowledge of Venus’ upper 
atmosphere aeronomy. Multispectral observations of day and night side airglow have proven 
to be a powerful tool in the fields of thermal structure, chemical composition, ionospheric 
structure, transport and neutral escape.  

Analysis of VIRTIS-H high-resolution spectra of the dayside non-thermal emission of 
CO has provided temperature determinations in the 100 to 150 km range that complement 
other daytime measurements and SPICAV-UV nightside temperature profiles derived from 
stellar occultations. 
Ground-based spectroscopy of the O2 band at 1.27 micron provides reliable and accurate 
temperature determination of the nightside temperature at the altitude of the emission layer. 
VIRTIS-M limb images have fixed the peak altitude of this strong nightglow emission 
between 97 and 100 km, putting a strong constraint on models of the thermal structure and 
less accurate measurements. An exhaustive compilation of dayside and nightside temperature 
mesurements based on different observational approaches is given by Limaye et al. (2016).   

The neutral composition in the mesosphere-thermosphere transition region was largely 
unexplored by previous space mission. Significant progress has been made in the recent years 
both by Venus Express remote sensing instruments and ground-based spectral observations. 
Combination of UVIS-Cassini spectral observations during the Venus Cassini flyby with the 
SPICAV-UV and VIRTIS-M and ground-based telescopes have generally confirmed the 
validity of empirical and three-dimensional models that were mostly based on measurements 
collected during the Venus Express mission. The atomic oxygen density distribution is now 
fairly well determined based on the O2 1.27 µm emission on the night side and the ultraviolet 
airglow on the dayside. The detection of ozone near 100 km with SPICAV-UV has prompted 
a downward revision of the amount of chlorine in the nighttime transition region. It confirms 
the role played by ozone in the excitation of the Meinel bands in the hydroxyl nightglow. The 
similarity between the morphology of the vibrationally excited OH and the O2 1D nightglows 
strongly argues in favor of O atoms as a common precursor to both emissions. 

By contrast, statistical and simultaneous mapping of the O21D and the NO UV 
emissions exhibit clear spatial morphological differences. This lack of spatial correlation 
clearly indicates that these two nightglow layers, although vertically separated by less than 20 
km, have a different response to the varying dynamical and photochemical conditions. 
Unfortunately, simultaneous global imaging of the two airglow emissions is still missing and 
a full understanding of the relative contribution of the subsolar to antisolar circulation and the 
zonal transport is missing. Similarly, CO molecules are carried by the subsolar to antisolar 
global circulation. Analysis of the CO 4.7 µm dayside emission observed with VIRTIS-H 
argues for a CO distribution controlled by dynamics in the lower thermosphere, with 
dominant subsolar to antisolar transport similar to the O and N atoms. Imaging of the O2 IR 
nightglow and measurements of UV airglow have revealed a high level of variability in the 
morphology and brightness within period of days or hours. The sources of this variability are 
still largely unknown and attempts to include them in 3-D models have not provided 
conclusive results so far. 

Measurements of auroral green line emission in relation with solar events such as 
CMEs confirm that Venus is also responsive to solar activity. Other auroral emissions (OI 
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130.4 nm, CO Cameron bands) were also occasionally observed with the PV-OUVS 
spectrometer, but the relations with solar activity could not be directly demonstrated. 
 Extensive remote sensing coverage of the electron density in the Venus ionosphere has 
been performed during the full Venus Express mission. The VeRa measurements confirmed 
the presence of a “meteor layer” phenomenon, which is a sporadic and not a permanent 
dayside feature. The altitude of the ionopause was shown to vary with solar activity. 

The distribution of thermal and hot hydrogen atoms has been determined from Lyman-
a limb scans. They confirmed the presence of a dominant population of nonthermal H atoms 
at high altitude and showed that the transition between the hot and cold populations depends 
on local time.  
 
A series of questions remain unanswered. Others have been raised on the basis of Venus 
Express and recent ground-based observations and model developments.  
 

• What are the sources of the variability observed in the airglow emissions on the 
nightside? The NO, O2 and OH emissions all involve recombination of species created 
on the dayside and transported on the nightside by the global circulation where they 
chemically recombine and generate airglow photons. Observations indicate variations 
in solar flux only play a minor role in the rapid changes observed in the nightglow 
morphological distribution. These time variations and the separation observed between 
regions of enhanced nitric oxide and oxygen nightglow suggest a non-steady transport. 
Gravity waves have been suggested as a source of variability but have not been 
demonstrated to provide the required amplitude.  A future mission combining global 
viewing of several emissions involving different constituents would help to clarify this 
issue. 
 

• The importance of orography on the analysis of the airglow brightness and 
morphology is still unclear in spite of efforts to account for changes in optical 
thickness related to the airglow altitude relative to the surface. 

 
• The difference observed in global and local morphology of the NO and O2 emissions 

was largely unexpected. It probably stems from a different statistical wind regime 
prevailing between 97 and 115 km. In particular, the observed shift of the NO 
nightglow peak intensity toward the dawn terminator compared to the statistical near 
midnight O2 statistical maximum is still unexplained. It may imply that the zonal wind 
component decreases above the cloud top to become quite small near 95 km, but picks 
up speed at higher altitude. Simultaneous global imaging of the two nightside 
emissions in a future space mission would provide key clues to understand the 
changing wind pattern in the mesosphere-thermosphere region.  
 

• Although analysis of the limb CO emission near 4.7 microns has yielded information 
for dayside temperatures and CO vertical distributions, the CO2 emissions at 4.3 
microns have as yet only been analyzed in the nadir geometry. The large dataset of 
VIRTIS limb observations of the CO2 band has not yet been exploited to determine 
temperature profiles, CO2 densities and variability. The large optical thickness in such 
geometry, relevant for many CO2 4.3 microns bands up in the thermosphere, 
considerably complicates model calculations. Current ongoing projects in the analysis 
of similar emissions from Mars Express (Piccialli et al., 2016; http://www.upwards-
mars.eu/) should lead to a more operational tool to study the Venus thermosphere up 
to at least 160 km.  
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• The characteristics and trajectories of the charged particle producing aurora on the 

Venus nightside are still largely unexplored. The relation between the oxygen green 
line enhancement and the UV has not been firmly established and the impact of 
charged particle deposition on the local or global thermal balance still needs to be 
evaluated. 
 

• Further results are expected from the cameras isolating different spectral windows on 
board the Akatsuki climate orbiter (Nakamura et al., 2011). Most instrumentation is 
designed to map infrared emissions from the lower atmosphere. Although not 
specifically intended to probe the upper atmosphere, the Lightning and Airglow 
Camera (LAC) may provide observations of OI 557.7 nm and O2 Herzberg II 
nightside emissions. 

 
• Developments of General Circulation Models extending from the ground to the upper 

atmosphere are underway. Once they reach an adequate level of reliability, they will 
remove the limitations set by the need for boundary questions that influence the 
dynamical and photochemical distribution of the atmospheric constituents. 
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