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Fig. 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 2,300 × 106 m−3. The
ionopause (a strong gradient
towards the noise level) is at
6300 km radius; panel (b): is a
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-σ noise level, the right
dash-dotted lines are the 3-σ
noise level. Figure courtesy
VEX-VeRa team

Radio Science Experiment VeRa (Häusler et al. 2006) by radio occultation at X-band and at
simultaneous S-band frequencies (differential Doppler).

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 O+

2 via (Schunk and Nagy 1980)

CO+
2 + O2 → O+

2 + CO (7.1)

The O+
2 ion is the dominant ion in the ionosphere up to 200 km, the original ion CO+

2 is
a minor species of 1% to 10% by volume.

Another ion produced by chemical reactions (7.1) is O+ which is also transformed to O+
2

by chemical reactions with CO2 below 200 km (see (7.1)) but is produced above 200 km by
photoionization and becoming there the dominant ion.

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 equilib-
rium region the O+

2 ions and electrons are lost by dissociative recombination (see (7.1)).
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.

Electron  densities  from  VEX  
radio  occultations (Gerard  et  al.  

2017).    V2  layer  from  
photoionization,  V1  layer  

produced  mostly  by  
photoelectron  impact  ionization.    

Third  layer  likely  containing  
meteoritic  ions  Mg+ and  Fe+ seen  
sporadically  below  the  V1  layer.  
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Fig. 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 Eq. (7.3).
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 ± 2.1 km
(3σ ) for SZA ≤ 80° (middle
dashed dotted line). 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 3σ noise level.
Figure courtesy VEX VeRa team

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 (Fig. 34).
VeRa data fill the range of 140.7 ± 2.1 (3σ ) km uniformly in contrast to the PVO data for
60° < SZA < 85°. 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. There is also no identifiable solar cycle
effect 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 alti-
tude does not change as much as the V2 altitude that is also explained as a constant thermal
structure of the neutral atmosphere at ionospheric altitudes towards the terminator. The so-
lar X-ray flux changes stronger than EUV with increasing solar activity and the V1 shape
appears more pronounced at solar maximum than V2.

The  main  ionospheric  
peak  (V2)  follows  an  ideal  
Chapman  model  with  
solar  zenith  angle  
(Gerard  et  al.  2017).
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Figure 2. Altitude profiles for the neutral (T•), ion (T/), and electron (%) temperatures adopted 
in the model. The solid curves are the high solar activity values, and the dashed curves are the low 
solar activity values. The electron temperatures were assumed to be the same for both models. 

sity peak. We find here no need to vary T, to reproduce 
acceptably the values of the electron density peaks at 
high and low solar activities. It should, however, be 
noted 'that the altitude and magnitude of the electron 
density peak are strongly affected if the T, profile is as- 
sumed to diverge from the neutral temperature profile 
at or below the peak in the ion production rates. 

Since there are no measurements of T/ at solar mini- 
mum, the low solar activity ion temperatures were as- 
sumed to be only slightly smaller than those at high so- 
lar activity, and the difference was arbitrarily assumed 
to be equal to the difference between the low and high 
solar activity neutral temperatures. Because the ion 
temperatures are much larger than the neutral temper- 
atures, the resulting fractional change in the ion tem- 
peratures is small at high altitudes. The neutral, ion, 
and electron temperature profiles adopted in the mod- 
els for low and high solar activities are shown in Figure 
2. 

3. Cross Sections and Rate Coefficients 

The electron impact cross sections are similar to those 
used in our previous models of planetary atmospheres 
[see, e.g., Fox, 1993; Fox et al., 1996; Kim and Fox, 
1994; Perry et al., 1999, and references therein]. Our 
complete compilation of electron impact cross sections 
has been presented recenfiy by Sung and Foz [2000] and 
will be submitted for publication soon (K. Y. Sung and 
J. L. Fox, manuscript in preparation, 2001). 

The cross sections for photoabsorption, photoioniza- 
tion, and (for molecules) photodissociation are similar 
to those we have used in our previous models. Only the 
major changes are described here. We have extended 
all the cross sections from the shortest wavelength mea- 
sured to 0.5 ./k using the photoabsorption cross sections 
for atoms presented by Verner and Yakovlev [1995] and 
Verner et al. [1996]. The molecular cross sections at 
these short wavelengths are assumed to be the sum of 
the cross sections for the constituent atoms. The CO• 
c•oss sections fo• photoabsorption in the wavelength 
range 900-1200 •k were taken from Chan el al. [1993a] 
(also C. Brion, Web site: ftp://chem.ubc.ca/pub/coo- 
per), and photoabsorption, photoionization, and pho- 
todissociation cross sections in the range 490-900 ./k 
were taken from Shaw et al. [1995]. In the region long- 
ward of 1200 ]k we adopted the photoabsorption cross 
sections of Lewis and Carver [1983] (also B. Lewis, pri- 
vate communication, 1994) for a temperature of 200 
K. The N2 cross sections are taken from Chanet al., 
[1993b] (also, C. Brion, Web site given above); we 
adopted the low-resolution cross sections up to 541 ]k 
and the high-resolution cross sections longward of that 
wavelength. The O2 photoabsorption cross sections 
are from Chan et al. [1993c] (also, C. E. Brion, Web 
site given above) to 413 ./k. For absorption in the O2 
Schumann Runge bands the high-resolution cross sec- 
tions from the Center for Astrophysics Web site (cfa- 
www.harvard.edu/amdata/ampdata/cfamols.htm) [see 
also, Yoshino et al., 1992] were averaged over 1-./kinter- 

Fox  and  Sung  (2001)
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Ion  densities  from  the  Fox  and  Sung  (2001)  model:  Dominant  
ions  are,  from  top  to  bottom,  O+,  O2

+ and  NO+.


