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A B S T R A C T   

To study the Venusian ionosphere, a 3D ionospheric model is included in the Venus Planetary Climate Model 
(Venus PCM), which we present here with a number of recent extensions and improvements. Our ionospheric 
model of Venus consists of 15 charged species (electron and 14 ions), 13 photo-ionization for 8 species, an ion- 
neutral chemistry (61 reactions) and an ambipolar diffusion scheme for the ion vertical transport. The electron 
temperature is assumed independent of the solar activity. Simulation results are compared with observation from 
the Pioneer Venus (PV) and Venus Express (VEX) for high and low/intermediate solar activity respectively. The 
model shows that ambipolar diffusion dominates photochemical equilibrium above 180 km and above 130 km 
altitude on the dayside and the nightside respectively. On the dayside, the electron density predicted by Venus 
PCM and its variation with solar zenith angle (SZA) are in good agreement with PV observations at high solar 
activity, even if the secondary electron peak is underestimated by the model, due to the absence of (photo-) 
electron impact ionization process, in Venus PCM. At higher solar activity, the predicted horizontal and vertical 
variations in electron and ion densities are both significantly underestimated on the nightside, probably due to 
the currently predicted weak day-to-night transport and the absence of photo-electron impact ionization process 
which is the main source of ion production on the nightside. On the dayside at low solar activity, the electron 
density predicted by Venus PCM are over-estimated by a factor 1.25 at the altitude of the main ionospheric peak 
and by a factor 2–3 at 250 km, compared to VEX observations. We suggest that this difference between high and 
low solar activity is linked to the overestimation of the neutral density at low solar activity and the independence 
of electron temperature with solar activity used in Venus PCM, which should have a significant effect on ion 
chemistry and the scale height of ion species.   

1. Introduction 

The Pioneer Venus space mission provided the largest, most 
comprehensive and extensive in-situ study of the Venusian thermo-
sphere and ionosphere between 1978 and 1992. Most of the in-situ ob-
servations of the neutral and ions species took place between 1978 and 
1982 in the period of high solar activity, above 150 km altitude mainly 
and so there are no in situ data on the dayside about either the ions or 
the neutrals at low solar activity from PV measurements. The PV Orbiter 
Radio Occultation (ORO) experiment, however, provided electron den-
sity profiles throughout the 14 years of the mission, which covered the 
whole range of solar activity (e.g., Kliore and Mullen, 1989; Kliore, 
1992; Fox and Kliore, 1997) and, more recently, the Venus Express 
Radio Science Experiment which covered the low and intermediate solar 

activity period (Häusler et al., 2006; Pätzold et al., 2007). These data 
have enabled us to gain a better knowledge of the composition of the 
Venusian ionosphere and thermosphere, as well as its vertical and hor-
izontal variation in a context of high solar activity. 

The composition of the upper neutral atmosphere of Venus is mainly 
composed of O (atomic oxygen) above ~155 km at noon (~140 km on 
the nightside), while CO2 (carbon dioxide) dominates below. By inter-
acting with the solar extreme ultraviolet radiation, these neutral species 
are ionized and formed the ions: 

CO2 + hʋ→

⎧
⎪⎪⎨

⎪⎪⎩

CO+
2 + e

CO + O+ + e
CO+ + O + e 
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E-mail address: antoine.martinez@lmd.ipsl.fr (A. Martinez).  

Contents lists available at ScienceDirect 

Icarus 

journal homepage: www.elsevier.com/locate/icarus 

https://doi.org/10.1016/j.icarus.2024.116035 
Received 20 September 2023; Received in revised form 29 February 2024; Accepted 5 March 2024   

mailto:antoine.martinez@lmd.ipsl.fr
www.sciencedirect.com/science/journal/00191035
https://www.elsevier.com/locate/icarus
https://doi.org/10.1016/j.icarus.2024.116035
https://doi.org/10.1016/j.icarus.2024.116035
https://doi.org/10.1016/j.icarus.2024.116035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2024.116035&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Icarus 415 (2024) 116035

2

O+ hʋ→O+ + e 

The density peak of the ionosphere is located near 138–142 km at 
noon on Venus, corresponding to the peak of CO2 photoionization, and 
essentially composed of O2

+ although the O2 (molecular oxygen) abun-
dance on Venus is very low. This particularity is explained by the fast ion 
reaction scheme with O, O+, CO+, CO2 and CO2

+ summarized below: 

CO2
+ +O→O+ +CO2  

O+ +CO2→O2
+ +CO  

CO+ +CO2→CO2
+ +CO  

CO2
+ +O→O2

+ +CO 

This fast ion reaction scheme induces shorter chemical lifetimes of 
O+ and CO2

+ than that for O2
+ when CO2 dominates (Fehsenfeld et al., 

1970). The amount of CO2 decreases with altitude until it becomes 
negligible in comparison to atomic oxygen, making this reaction chain 
inefficient and giving way to O+ which becomes dominant above ~190 
km. The O2

+ ions produced are mainly lost via dissociative recombina-
tion with electrons: O2

+ + e → O + O. The rate coefficient αdr for this 
dissociative recombination reaction depends on the electronic temper-
ature Te: 2.0 * 10− 7 * (300/Te)0.7 cm3.s− 1 for Te < 1200 K and 7.4 * 10− 8 

* (1200/Te)0.56 cm3.s− 1 for Te ≥ 1200 K (Alge et al., 1983; Johnsen, 
1987). Despite the importance of this parameter, measurements of 
electron temperature are limited to those from Electron Temperature 
Probe (ETP) instrument of Pioneer Venus Orbiter between 1978 et 1982, 
which also limits the temporal variability of this parameter, even if its 
diurnal evolution around the equator at high solar activity is observed. 
Also, we have no hint of the long term temporal variability of this 
parameter. In addition, the ETP measurements of Te are limited to al-
titudes above 150 km (Theis, 1993) which excludes the peak of the 
ionosphere and causes an important uncertainty. 

In spite of the many missions planned to study Venus’s atmosphere 
(ENVISION, Davinci, Veritas, Venus Orbiter Mission (VOM), etc.), only 
VOM is slightly concerned with the thermosphere and ionosphere, and 
no more mission of this type is planned to date. So, reproducing these 
observations within a General Circulation Model (or Global Climate 
Model; GCM) and comparing them gives a better understanding of the 
physical processes at work and their extrapolation/prediction in the 
absence of sufficient observational data. We therefore included an 
ionospheric model in the Venus Planetary Climate Model (Venus PCM, 
formerly IPSL Venus GCM) which already reproduced the neutral 
Venusian atmosphere from the surface to the exosphere. (10− 8 Pa, 
approximately 250 km at noon and 180–200 km on the nightside; 
Martinez et al., 2023; Gilli et al., 2017, 2021). The purpose of this work 
is to present the improvements made to the Venus PCM with the 
implementation of an ionospheric model, to estimate its validity and 
limits. 

Section 2 presents the ionospheric model and the latest additions and 
improvements made in this version of the model. In the third section, we 
study the simulated Chapman layer, the vertical profiles and the iono-
spheric composition by comparison with data from Pioneer Venus and 
Venus Express missions. The effects of transport and the solar cycle are 
discussed. Conclusions are given in Section 4. 

2. Venus PCM: Model description and recent improvements 

The Venus PCM has been used to investigate all regions of the 
Venusian atmosphere as it covers the surface up to the lower thermo-
sphere (140–160 km; Lebonnois et al., 2010, 2016; Gilli et al., 2017). 
The vertical grid was extended in Martinez et al. (2023), from 78 to 90 
levels (180–250 km) using the vertical extension method detailed in Gilli 
et al. (2017) to cover the upper thermosphere and lower ionosphere. The 
horizontal resolution is 3.75◦ x 1.875◦ (96 longitudes × 96 latitudes) 

and the vertical grid has 90 pressure levels covering from ~9.2⋅106 Pa to 
~8⋅10− 9 Pa. The vertical grid is not regular, with higher resolution close 
to the surface. The vertical model resolution is approximately ~2–3 km 
between 100 and 150 km, slightly smaller below 100 km and ~ 4–10 km 
above 150 km (0.01–0.4 scale height below 100 km and 0.4–0.8 scale 
height above). Conditions at the model upper boundary are similar to 
previous versions of the Venus PCM (sponge layer over the top four 
layers, with horizontal winds forced toward zonal average fields with 
timescale of the order of 1 Earth day in the top layer). Parameterizations 
for CO2-O 15-μm cooling, non-LTE CO2 near infrared heating, thermal 
conduction, molecular viscosity, extreme ultraviolet (EUV) heating and 
non-orographic gravity wave (GW) processes are presented and dis-
cussed in more detail in Gilli et al. (2017, 2021). This version uses an 
increased rate of the CO2 photolysis into CO and O(1D) as detailed in 
Martinez et al. (2023). When the ionospheric model is activated, this 
tuning coefficient drops from 10 to 8. 

With respect to the model described in Martinez et al. (2023) and 
Stolzenbach et al. (2023), the Venus PCM was updated with the inclu-
sion of chemical reactions, the addition of nitrogen chemistry, an EUV 
dependence on photochemical scheme and the implementation of 
ionospheric chemistry. We describe below these improvements. 
Although the nitrogen chemistry is included in the current version of 
Venus PCM, it won’t be studied in this article and will be described in 
more detail in forthcoming papers (Streel et al., 2023).” As an illustra-
tion, the composition of the main neutral species in the thermosphere of 
Venus at high solar activity (200 s.f.u) simulated by Venus PCM is shown 
in Fig. 1 in comparison with the observations made by PV-ONMS (Nie-
mann et al., 1980). 

Fig. 1. Vertical profiles of the upper thermosphere number density composi-
tion (O: red; CO: yellow; CO2: blue; N2: purple, N: green; He: black) for E10.7 =
200 s.f.u (190 s.f.u < E10.7 < 210 s.f.u data restriction) conditions between 9 
and 15 h local solar time. The points correspond to the PV-ONMS observations. 
The lines correspond to the densities predicted by the Venus PCM. The coloured 
areas correspond to the min/max variability of the corresponding number 
density. The modelled densities are not plotted above 250 km because the top of 
the model is close to this altitude. This figure and data are adapted from 
Martinez et al. (2023) and Niemann et al. (1980). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

A. Martinez et al.                                                                                                                                                                                                                               
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2.1. Upper atmosphere improvements 

2.1.1. Neutral photochemical model 
The current version of Venus PCM presented includes a full photo-

chemical model of the Venus atmosphere (Stolzenbach et al., 2023, for 
the neutral chemical reaction list) which is based on the heritage of the 
Mars photochemical model (Lefèvre et al., 2004) and is briefly sum-
marized in Gilli et al. (2017). Compared to the version described by 
Stolzenbach et al. (2023), the chemical network used here includes a 
description of the nitrogen chemistry with the addition of 4 new neutral 
species (N, N(2D), NO and NO2), 3 new photolysis reactions (involving 
N2, NO2 and NO) and 13 reactions. This addition will be detailed in a 
future paper in preparation (Streel et al., 2023). In total, our neutral 
chemical system takes into account 38 gas-phase and 2 liquid-phase 
species (Table 1) interacting through 119 neutral chemical reactions 
and 24 photodissociations. 

The E10.7 solar flux values is used to characterize the EUV solar 
emission and the Solar Irradiance Platform v2.37 solar flux model is 
adopted (SIP; formerly SOLAR2000; https://spacewx.com/sip/) as 
reference. The E10.7 solar flux is adjusted for the Earth-Sun-Venus angle 
and distance but its magnitude, as displayed in figures, remains stand-
ardised to 1 AU. The choice of E10.7 instead of F10.7 in order to char-
acterize the solar EUV flux is explained in Martinez et al. (2023). Unlike 
the lower atmosphere (below 100 km), thermospheric photochemistry is 
much more influenced by variations in extreme ultraviolet and ultravi-
olet (<200 nm) solar radiation with the solar activity cycle. In the Venus 
PCM version of Martinez et al. (2023) (and earlier), the photolysis rates 
are calculated for a fixed value of EUV solar radiation according to Atlas 
I solar spectrum reference (F10.7 = 192 s.f.u; Thuillier et al., 2004; 
E10.7 = 196 s.f.u). As a result, the production of CO and O(1D) by 
photolysis of CO2 was independent from EUV flux, which may lead to 
overestimate the density during the low and medium solar period above 
100 km. In this study, the reference solar spectrum is an interpolation of 
two solar spectra: Atlas III solar spectrum reference (F10.7 = 77.5 s.f.u.; 
Thuillier et al., 2004; E10.7 = 97 s.f.u) and Atlas I solar spectrum 
reference. Above 192 s.f.u, we take only the Atlas I spectrum, and below 
97 s.f.u, we limit the extrapolation of the spectrum until 70 s.f.u to avoid 
unrealistic extrapolation at loo-low values. This effect makes the 
photolysis dependent on the variation of the solar activity, parameter-
ized by E10.7 proxy. To illustrate the change in production between the 
solar minimum and maximum achieved by this interpolation, Fig. 2 
shows the vertical pressure profile of the ratio of atomic oxygen pro-
duction by photochemistry between E10.7 = 200 s.f.u and 70 s.f.u. 

The questions of whether or not more reference solar spectra or 
whether other reference solar spectra are needed for the interpolation 
are not studied here, but the nature of the interpolation and reference 
spectra may be updated in the future. 

2.1.2. Ionospheric chemistry model 
One of the most important improvement to the Venus PCM compared 

with Martinez et al. (2023) is the addition of ion chemistry. This iono-
sphere model can only be activated and used when the model is 
extended at least as high as the exobase (200–250 km; 90 levels) since 
ionospheric processes only start to occur from the upper thermosphere 
(above 100–120 km with the main ionospheric peak at ~138–142 km). 
Based on the work presented in González-Galindo et al. (2013), the 
Venus PCM chemical model has thus been extended to include 13 photo- 
ionizations for 8 species (see Table 2) and 61 ionospheric reactions (see 
Table 3) between 15 charged species (see the bottom part of Table 1). 
The complete list of ion-neutral reactions only included in this version of 
the model can be seen in Table 3. When available, the reaction rates are 
taken from the JPL database, the UMIST compilation and reference 
within (see all references in Table 3). The atmosphere is forced to remain 
globally neutral, so that the electron concentration is equal to the sum of 
the concentrations of the different ions. 

Contrary to the version of González-Galindo et al. (2013), the ioni-
zation caused by energetic photo-electrons is not included in this model. 

Table 1 
List of chemical species in the Venus PCM. Top: neutral species. When several 
phase of the same species are considered: (g) stands for gas phases and (liq) for 
liquid phase. Bottom: charged species.  

01 CO2 09 O3 17 HCl 25 SO3 33 He 
02 CO 10H 18 HOCl 26 S2O2 34 N2 

03 H2 11 OH 19 ClCO 27 OCS 35 N 
04 H2O(g) 12 HO2 20 ClCO3 28 HSO3 36 N(2D) 
05 O(1D) 13 H2O2 21 COCl2 29 H2SO4(g) 37 NO 
06 O(3P) or O 14 Cl 22 S 30 S2 38 NO2 

07 O2 15 ClO 23 SO 31 ClSO2 39 H2O(liq) 
08 O2(a1Δg) 16 Cl2 24 SO2 32 OSCl 40 H2SO4(liq) 
01 CO2

+ 09 H2O+

02 CO+ 10 OH+

03 O+ 11C+

04 O2
+ 12 H3O+

05H+ 13 HCO+

06 N2
+ 14 HCO2

+

07 N+ 15 e−

08 NO+ 10 OH+

Fig. 2. Vertical pressure profile of the ratio of the atomic oxygen production at 
noon between the high (200 s.f.u) and the low solar activity (70 s.f.u). 

Table 2 
Table of photoionization included in Venus PCM. The 
ionization/dissociation branching ratio are extracted 
from Schunk and Nagy (2000) for CO2, CO, O2 and N2. 
Because the atomic carbon is not included in the Venus 
PCM, the production of C by photoionization of CO2 is not 
considered in this study.  

N◦ Photoionization 

I01 CO2 + hʋ → CO2
+ + e 

I02 CO2 + hʋ → O+ + CO + e 
I03 CO2 + hʋ → CO+ + O + e 
I04 CO2 + hʋ → C+ + O2 + e 
I05 O2 + hʋ → O2

+ + e 
I06 O + hʋ → O+ + e 
I07 NO + hʋ → NO+ + e 
I08 CO + hʋ → CO+ + e 
I09 CO + hʋ → C+ + O + e 
I10 N2 + hʋ → N2

+ + e 
I11 N2 + hʋ → N+ + N + e 
I12 N + hʋ → N+ + e 
I13 H + hʋ → H+ + e  

A. Martinez et al.                                                                                                                                                                                                                               
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This secondary ionization has been shown on Mars (Fox et al., 1996) and 
on Venus (Fox, 2006) to be important for the simulation of the secondary 
electronic peak around 120–130 km, but has a minor impact at higher 
altitude. 

The electronic temperature Te is an important parameter that affects 
most ionospheric reaction rates, mainly the ones of dissociative 
recombination reactions. Yet, as mentioned previously in Introduction, 

Table 3 
List of ion chemical reactions in the Venus PCM. The rate coefficient for reaction 
is in cm3.molecule− 1.s− 1. In the literature, chemical reactions with a # (E01, 
E11, E16, E17, E20, E23, E24, E35-E40, E48 and E50) use the ion temperature Ti 
but in the Venus PCM we use the electron temperature Te instead, in the absence 
of reliable observed ion temperature (only at high solar activity but low quality 
spatial variation).  

N◦ Reaction Reaction rate k Reference 

E01# 
CO2

+ + O2 → 
O2
+ + CO2 

5.5 * 10− 11 * (300/ 
Te)0.5 Anicich (1993) 

E02 
CO2

+ + O → O+

+ CO2 
9.60 * 10− 11 UMIST database, from  

Fehsenfeld et al. (1970) 

E03 CO2
+ + O → O2

+

+ CO 
1.64 * 10− 10 UMIST database, from  

Fehsenfeld et al. (1970) 

E04 
O2
+ + e → O +

O 

2.0 * 10− 7 * (300/ 
Te)0.7 

if Te < 1200 
7.4 * 10− 8 * (1200/ 
Te)0.56 

if Te ≥ 1200 

Alge et al. (1983) 
Johnsen (1987) 

E05 
O+ + CO2 → 
O2
+ + CO 9.4 * 10− 10 

UMIST database, from Adams 
et al. (1980) and Smith et al. 
(1978) 

E06 
CO2

+ + e → CO 
+ O 

3.8 * 10− 7 * (300/ 
Te)0.5 

UMIST database, from  
Mitchell (1990) 

E07 
CO2

+ + NO → 
NO+ + CO2 

1.2 * 10− 10 Anicich (1993) 

E08 O2
+ + NO → 

NO+ + O2 
4.6 * 10− 10 Anicich (1993) 

E09 
O2
+ + N2 → 

NO+ + NO 1.0 * 10− 15 Ferguson (1973) 

E10 
O2
+ + N → NO+

+ O 1.0 * 10− 10 Scott et al. (1998) 

E11# 
O+ + N2 → 
NO+ + N 

1.2 * 10− 12 * (300/ 
Te)0.45 Hierl et al. (1997) 

E12 NO+ + e → N 
+ O 

4.3 * 10− 7 * (300/ 
Te)0.37 

UMIST database, from  
Mitchell (1990) 

E13 
CO+ + CO2 → 
CO2

+ + CO 1.0 * 10− 9 UMIST database, from Adams 
et al. (1978) 

E14 CO+ + O → O+

+ CO 
1.4 * 10− 10 

UMIST database, from  
Fehsenfeld and Ferguson 
(1972) 

E15 C+ + CO2 → 
CO+ + CO 

1.1 * 10− 9 UMIST database, from Fahey 
et al. (1981) 

E16# N2
+ + CO2 → 

CO2
+ + N2 

9.0 * 10− 10 * (300/ 
Te)0.23 Dotan et al. (2000) 

E17# 
N2
+ + O → NO+

+ N 
1.33 * 10− 10 * (300/ 
Te)0.44 

Scott et al. (1999), Anicich 
(1993) 

E18 
N2
+ + CO → 

CO+ + N2 
7.4 * 10− 11 

UMIST database, from Adams 
et al. (1980) and Smith et al. 
(1978) 

E19 N2
+ + e → N +

N 
1.7 * 10− 7 * (300/ 
Te)0.3 

UMIST database from  
Peterson et al. (1998) 

E20# 
N2
++ O → O++

N2 

7.0 * 10− 12 * (300/ 
Ti)0.23 

Scott et al. (1999), Anicich 
(1993) 

E21 N+ + CO2 → 
CO2

+ + N 
7.5 * 10− 10 

UMIST database, from Adams 
et al. (1980) and Smith et al. 
(1978) 

E22 CO+ + H → H+

+ CO 
4.0 * 10− 10 UMIST database, from Scott 

et al. (1997) 

E23# 
O+ + H → H+

+ O 
5.66 * 10− 10 * (Te/ 
300)0.36 * exp.(8.6/Te) 

UMIST database, from Stancil 
et al. (1999) 

E24# H+ + O → O+

+ H 

6.86 * 10− 10 * (Te/ 
300)0.26 * exp.(− 224.3/ 

Te) 

UMIST database, from Stancil 
et al. (1999) 

E25 CO2
+ + H2 → 

HCO2
+ + H 

9.5 * 10− 10 UMIST database, from Copp 
et al. (1982) 

E26 HCO2
+ + e → H 

+ O + CO 
8.1 * 10− 7 * (300/ 
Te)0.64 

UMIST database, from  
Geppert et al. (2004) 

E27 
HCO2

+ + e → 
OH + CO 

3.2 * 10− 7 * (300/ 
Te)0.64 

UMIST database, from  
Geppert et al. (2004) 

E28 
HCO2

+ + e → H 
+ CO2 

6.0 * 10− 8 * (300/ 
Te)0.64 

UMIST database, from  
Geppert et al. (2004) 

E29 HCO2
+ + O → 

HCO+ + O2 
1.0 * 10− 9 UMIST database (without 

citation) 

E30 
HCO2

+ + CO → 
HCO+ + CO2 

7.8 * 10− 10 UMIST database, from Prasad 
and Huntress Jr. (1980)  

Table 3 (continued ) 

N◦ Reaction Reaction rate k Reference 

E31 
H+ + CO2 → 
HCO+ + O 3.5 * 10− 9 UMIST database, from Smith 

et al. (1992) 

E32 
CO2

+ + H → 
HCO+ + O 4.5 * 10− 10 Borodi et al. (2009) 

E33 CO+ + H2 → 
HCO+ + H 

7.5 * 10− 10 UMIST database, from Scott 
et al. (1997) 

E34 HCO+ + e → 
CO + H 

2.4 * 10− 7 * (300/ 
Te)0.69 

UMIST database, from  
Mitchell (1990) 

E35# 
CO2

+ + H2O → 
H2O+ + CO2 

2.04 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from Karpas 
et al. (1978) 

E36# 
CO+ + H2O → 
H2O+ + CO 

1.72 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from  
Huntress Jr. et al. (1980) 

E37# 
O+ + H2O → 
H2O+ + O 

3.2 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from Adams 
et al. (1980) and Smith et al. 
(1978) 

E38# N2
+ + H2O → 

H2O+ + N2 

2.3 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from Adams 
et al. (1980) and Smith et al. 
(1978) 

E39# N+ + H2O → 
H2O+ + N 

2.8 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from Adams 
et al. (1980) and Smith et al. 
(1978) 

E40# H+ + H2O → 
H2O+ + H 

6.9 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from Smith 
et al. (1992) 

E41 
H2O+ + O2 → 
O2
+ + H2O 4.6 * 10− 10 UMIST database, from  

Rakshit and Warneck (1980) 

E42 
H2O+ + CO → 
HCO+ + OH 5.0 * 10− 10 UMIST database, from Jones 

et al. (1981). 

E43 H2O+ + O → 
O2
+ + H2 

4.0 * 10− 11 UMIST database, from  
Viggiano et al. (1980) 

E44 H2O+ + NO → 
NO+ + H2O 

2.7 * 10− 10 UMIST database, from  
Rakshit and Warneck (1980) 

E45 
H2O+ + e → H 
+ H + O 

3.05 * 10− 7 * (300/ 
Te)0.5 

UMIST database, from Rosén 
et al. (2000). 

E46 
H2O+ + e → H 
+ OH 

8.6 * 10− 8 * (300/ 
Te)0.5 

UMIST database, from Rosén 
et al. (2000). 

E47 H2O+ + e → O 
+ H2 

3.9 * 10− 8 * (300/ 
Te)0.5 

UMIST database, from Rosén 
et al. (2000). 

E48# 
H2O+ + H2O 
→ H3O+ + OH 

2.1 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from  
Huntress Jr. and Pinizzotto Jr. 
(1973) 

E49 
H2O+ + H2 → 
H3O+ + H 6.4 * 10− 10 UMIST database, from  

Rakshit and Warneck (1980) 

E50# 
HCO+ + H2O 
→ H3O+ + CO 

2.5 * 10− 9 * (300/ 
Te)0.5 Adams et al. (1978) 

E51 H3O+ + e → 
OH + H + H 

3.05 * 10− 7 * (300/ 
Te)0.5 

UMIST database, from  
Novotný et al. (2010). 

E52 
H3O+ + e → 
H2O + H 

7.09 * 10− 8 * (300/ 
Te)0.5 

UMIST database, from  
Novotný et al. (2010). 

E53 
H3O+ + e → 
OH + H2 

5.37 * 10− 8 * (300/ 
Te)0.5 

UMIST database, from  
Novotný et al. (2010). 

E54 H3O+ + e → O 
+ H2 + H 

5.6 * 10− 9 * (300/ 
Te)0.5 

UMIST database, from  
Novotný et al. (2010). 

E55 O+ + H2 → 
OH+ + H 

1.7 * 10− 9 Smith et al. (1978). 

E56 
OH+ + O → O2

+

+ H 7.1 * 10− 10 UMIST database, from Prasad 
and Huntress Jr. (1980) 

E57 
OH+ + CO2 → 
HCO2

+ + O 1.44 * 10− 9 UMIST database, from Jones 
et al. (1981). 

E58 OH+ + CO → 
HCO+ + O 

1.05 * 10− 9 UMIST database, from Jones 
et al. (1981). 

E59 OH+ + NO → 
NO+ + OH 

3.59 * 10− 9 UMIST database, from Jones 
et al. (1981). 

E60 
OH+ + H2 → 
H2O+ + H 1.01 * 10− 9 UMIST database, from Jones 

et al. (1981). 

E61 
OH+ + O2 → 
O2
+ + OH 5.9 * 10− 10 UMIST database, from Jones 

et al. (1981).  
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the ETP measurements of Te are limited to altitudes above 150 km 
(Theis, 1993) and only for at high solar activity period, so for lower 
altitudes an uncertain interpolation needs to be used. Here, we are using 
the vertical profile of electronic temperature from the model of Theis 
et al. (1984) (see Fig. 3) who developed an empirical formula for elec-
tron temperature above 150 km altitude, based on Pioneer Venus 
Orbiter ETP data at high solar activity. We assume that electrons and 
neutrals are in thermal equilibrium below 130 km. We therefore inter-
polate the temperature of electrons between 150 and 130 km with an 
exponential adjustment to take into account the efficiency of heating. 

The ion temperature of the chemical reactions in Table 3 has been 
replaced in the model by the electronic temperature. In practice, the ion 
temperature is lower than the electron temperature, leading to an un-
derestimation of the reaction rates, which however does not exceed a 
factor of 2 in the worst case. One way of improving the model would be 
to obtain the dependence of ion and electron temperatures on solar 
activity, to better constrain it. 

To compute the photoionization rates by EUV, we use the same 
strategy as the one described in Gonzalez-Galindo et al. (González- 
Galindo, 2005; González-Galindo et al., 2009; González-Galindo et al., 
2013). The EUV heating rates and photoionization rates are computed 
from pre-calculated photo-absorption coefficients. These coefficients, 
integrated in 36 spectral subintervals of varying spectral width in the 
1–800 nm spectre range, were tabulated as a function of the column 
density. From this tabulation, all the photo-absorption coefficients for 
each species are calculated by interpolation to the actual column 
amount and by a sum over the 36 spectral intervals. For information, the 
first 16 spectral intervals (those with sufficient energy to ionize the main 
components of the upper atmosphere of Venus) range from 0.1 to 90.8 
nm. After this, we multiplied these photo-absorption rates for each 
species with the efficiency of ionization and with the branching ratio of 
Schunk and Nagy (2000) in order to determinate the photoionization 
rate. This scheme is deeply described in González-Galindo (2005). The 
variation of the UV solar flux with the 11-year solar cycle (parameter-
ized by E10.7 proxy) is also included by following the previous calcu-
lation by González-Galindo et al. (2013) which reproduce the solar cycle 
between 1976 and 2012 (more than three solar cycles), rescaled to the 
averaged Planet-Sun distance. The interest of this method is to be much 
faster than the detailed spectral integration. 

The ions, as the neutral species, are transported by the winds, so that 
their horizontal velocities are determined by the intensity of the general 
circulation. This ionospheric model is appropriate to the study of the 
photochemical region of the ionosphere (photochemistry equilibrium; 
PCE), below about 180 km. Above this altitude, plasma dynamics pro-
cesses, as well as the interaction with magnetic fields, not included in the 
model, become important, so the results of the model are not reliable 
above that altitude. The effects of precipitating electrons are neither 
included in the model. The effects of the solar wind interaction with 
Venus is not included. 

2.2. Implementation of the ambipolar diffusion 

This section describes the efforts to improve the validity of the 
ionospheric model above 180 km by adding the vertical ion diffusion 
process based on the work of Chaufray et al. (2014). Above 180 km on 
the dayside, the characteristic time of ion transport processes (Bauer, 
1973) becomes shorter than that of chemical processes (Banks and 
Kockarts, 1973, for the formulae). Indeed, with the small electron mass, 
gravity causes a slight charge separation, with the lighter electron 
tending to settle on the top of the heavier ions. This slight charge sep-
aration results in a polarization electrostatic field, which prevents a 
further charge separation. The electrons will be slowed down by the ions 
and the ions will be accelerated by the electrons. After this electrostatic 
field develops, the ions and electrons move together as a single gas under 
the influence of the temperature gradients, gravity and the density. This 
phenomenon is called ambipolar diffusion. 

Thus, the model presented above is no longer able to reliably 
reproduce the vertical distribution of ionic species above a threshold 
altitude. We need to take account into this phenomenon by imple-
menting the work of Chaufray et al. (2014) in Venus PCM. The hori-
zontal component of ambipolar diffusion is not yet included in this 
study. This choice is explained by a limited effect of this horizontal 
transport on the density of ion species on the Martian nightside (Chau-
fray et al., 2014) and will be discussed for Venus in the next section. 

We assume that the electro-neutrality (electron motion) is instanta-
neous. The mathematical development of the ambipolar diffusion 
equation is explained in Chaufray et al. (2014) and leads to eq. (1; 
Shinagawa and Cravens, 1988, 1989): 
(

∂ρk

∂t

)

=
∂
∂z

{

Dk

(
∂ρk

∂z
+ ρk

[
1
Tk

∂(Tk + Te)

∂z
+

Te

Tk

1
ρe

∂ρe

∂z
+

1
Hk

])}

(1)

where Dk = kBTk/mkνk is the ambipolar diffusion coefficient of the ion k, 
kB is the Boltzmann constant, Te is the electron temperature, Tk is the ion 
temperature, ρe and ρk are respectively the electron and kth ion density, 
Hk = kBTk/mkg is an atmospheric scale height. νk is the ion-neutral 
frequency for the kth ion which is given by this calculation: νk =

∑

n
νkn 

with νkn from Banks and Kockarts (1973): 

νkn = 2.9× 10− 9 mn

mk + mn
nn

̅̅̅̅̅̅̅̅̅̅
αpol,n

mr

√

where mr =
mnmk

mn+mk 
is the reduced mass of the nth neutral species and the 

kth ion species and αpol,n is the polarizability of the nth neutral species. 
The masses are in Da and the number densities are in cm− 3. In Chaufray 
et al. (2014), the choice was made to take only the αpol(CO2) and to 
consider that the entire atmosphere is made of CO2, which is explained 
by the fact that CO2 remains in the majority much higher up than on 
Venus (180–200 km compared with 140–155 km) for a similar top 
altitude model (200–250 km). Our choice to sum the ion-neutral fre-
quencies for each neutral (here the main constituents of the upper 
thermosphere: CO2, CO, O2, O, N2, N, He, H2 and H) is linked to the 
gradient of composition with altitude in the Venus upper atmosphere. 
This variation as a function of altitude and SZA is faster than on Mars. 
For the same quantity of matter nn, the frequency of ions with a medium 

Fig. 3. Altitude profiles for the electron temperatures Te adopted in the model. 
The solid curve is the case at noon and the dashed curve is the case at midnight. 
The electron temperatures are assumed to be independent of the solar cycle. 
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composed of H, O, N, H2 or He will be lower than that with CO2, which 
will tend to increase the ambipolar diffusion coefficient and therefore 
accelerate ambipolar diffusion compared with a thermosphere 
composed mainly of CO2. The values of αpol,n for each neutral species are 
extracted from CRC Handbook of Chemistry and Physics (2004; p.3–150). 
For example, αpol(CO2) = 2.911× 10− 24 cm− 3, αpol(O) = 0.802×

10− 24 cm− 3, αpol(He) = 0.20550522 × 10− 24 cm− 3 and αpol(H) =

0.666793× 10− 24 cm− 3. 
As in Chaufray et al. (2014), to solve the eq. (1), a finer vertical 

resolution is used above pressure level P0 = 7 * 10− 4 Pa (~135 km at 
noon, ~130–125 km at midnight). The spatial resolution is not constant 
because we choose 168 grid points along the vertical and the altitude of 
the first and last pressure levels are not constants. Typical vertical res-
olution is 0.8 km in the dayside and 0.4 in the nightside. This increase in 
vertical resolution compared to Mars in Chaufray et al. (2014) is 
attributed to the stronger vertical variation of the composition on Venus. 
Too few points caused numerical artefacts around 7 * 10− 4 Pa to 7 * 
10− 6 Pa due to the different distribution of points in the altitude grid on 
the pressure grid. 

As eq. (1) is nonlinear due to the term involving the electron density, 
the forward-backward (predictor-corrector) scheme is used to solve it as 
described in Chaufray et al. (2014). A variable time step is used, 
dependent on the vertical velocity and the ambipolar diffusion coeffi-
cient computed at each time step. Typical time steps are between 0.008 
and 4 s. The smaller time step is used to avoid numerical instabilities. 
The vertical velocity of each ion at the upper boundary is a free 
parameter chosen equal to 0 km.s− 1 (diffusive equilibrium). For the 
lower boundary (P=P0), we assume that we are in the photochemical 

equilibrium (
(

∂ρk
∂t

)
=0). 

Unlike chemical reactions, the ion temperature was taken as the 
maximum between the neutral temperature and 0.5 times the electron 
temperature. This choice was made because of the non-negligible in-
fluence of the ion temperature and its vertical and horizontal variations 
on the profile of the ions in the routine of the ambipolar diffusion. 
Although probably still overestimating the ion temperature, which will 
result in a larger ion scale height, the variations of the ion temperature 
are similar to that of the electron temperature vertically and 
horizontally. 

All the simulations presented here have been done over one Venusian 
rotation (117 Earth days) and are initialized as in Martinez et al. (2023). 
Due to the speed of ion processes, the simulations started from a state 
without ion species in order to let the ionosphere form itself. For the 
reference simulation, we used: 5 × 10− 12 cm3.s− 1 for the CO2-O deac-
tivation rate within the experimental values: 1-6 × 10− 12 cm3.s− 1, 
19.5% for the EUV heating efficiency and 70 and 200 s.f.u for the E10.7 

solar flux index corresponding to solar ‘low’ and ‘high’ flux values. Due 
to the addition of ionospheric oxygen production, the tuning of the 
thermosphere on oxygen production presented in Martinez et al. (2023) 
has been modified by changing the factor from 10 to 8 in order to take 
this into account the additional production of atomic oxygen and to 
obtain a neutral atmosphere similar to the one presented in Martinez 
et al. (2023). 

3. Results and discussion 

The results discussed in this section were obtained using simulations 
of the Venus PCM described in Section 2. The aim of this section is to 
present a comprehensive comparison of these simulations, focusing on 
the ionosphere region (above 115–120 km) with datasets from several 
missions: Pioneer Venus and Venus Express. The altitude of the data was 
corrected to a common reference level (z = 0) corresponding to a radius 
of 6052 km above the centre of the planet. We took the distance to the 
centre of the planet of all observations (Ri + zi), and subtracted it by the 
reference Venus radius. The instruments and measurements used in this 
validation are listed in Table 4. The geographical coverage (latitude, LT, 
SZA), altitude coverage and EUV conditions are also listed. 

3.1. Main Chapman layer 

As explained in Fox (2006), the Chapman layer theory (Chapman, 
1931) has already been discussed and described in detail many times in 
articles and textbooks for planetary ionosphere (e.g., Bauer, 1973; Banks 
and Kockarts, 1973; Schunk and Nagy, 2000). So, a brief review will 
therefore be presented here, based on that of Fox (2006). A Chapman ion 
layer is produced in an isothermal thermosphere that is characterized by 
a neutral temperature Tn. The ions are produced by photoionization of a 
single molecular species, XY, by monochromatic radiation with a photon 
flux at the top of the atmosphere Fꝏ and a production rate qiχ(z) where χ 
is the solar zenith angle. The more efficient way to destroy locally the 
molecular ions is the dissociative recombination with a rate coefficient 
αdr. In a Chapman layer, the PCE prevails, so for a given χ, the pro-
duction rate of the ions is equal to the loss rate due to the dissociative 
recombination: 

qi(z) = αdr ni(z)*ne(z)⋍αdr [ne(z) ]2  

ne(z)⋍(qi(z)/αdr )
0.5  

where the ion density ni(z) is almost equal to the electron density ne(z). 
In the case of Venus, the main dissociative recombination is the one of 
O2
+ with αdr = 2.00 * (300/Te)0.7 for Te < 1200 K (see Table 3) at the 

level of the main peak of the Chapman layer. The maximum rate of 

Table 4 
Observations of ions and electron number densities used in this paper. *: Here, for the E10.7 solar flux values, we adopted the Solar Irradiance Platform v2.37 solar flux 
model (SIP; formerly SOLAR2000; https://spacewx.com/sip/). The E10.7 solar flux index is adjusted for the Earth-Sun-Venus angle but its magnitude remains 
standardised to 1 AU. Here, the reference Venus radius is 6052 km. (a) Although the PVOIMS data go down to 160 km, our analysis is limited to observations above 200 
km because the ion density below that altitude were overestimated due to a technical problem, detected by Pioneer Venus team (Miller et al., 1984; Brace and Kliore, 
1991).  

Instrument/Experiment Method Lat 
coverage 

LT 
coverage 

EUV coverage 
(E10.7)* 

Altitude 
coverage 

(Retrieved) variable References 

Pioneer Venus Orbiter Radio Occultation & 
Model 

− 80 to 
90◦N 

30–100◦

SZA 
206 s.f.u 135–150 km (Main Peak Electron number 

density and altitude) 
Cravens et al. 
(1981) 

Venus Express/VeRa Radio Occultation 10–16◦N 
10–120◦

SZA 80–150 s.f.u 100–500 km Electron number density 

Häusler et al. 
(2006) 
; Pätzold et al. 
(2007) 

Pioneer Venus Orbiter Ions Mass 
Gas Spectrometer 

Ion Mass Gas 
In-situ 
measurements 

10–30◦N 02–22H 180–260 s.f.u 
200–350 km 
(a) 

Ion composition, Number 
Density Cloutier (1993) 

Pioneer Venus Orbiter Electron 
Temperature Probe 

In-situ 
measurements 

10–30◦N 0-24H 180–260 s.f.u 155–350 km Electron number density, 
electron temperature 

Theis (1993)  
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ionization at subsolar point is (e.g. Bauer, 1973): 

qimax = (Fꝏ/e)*
(σi/σtot)/H 

σtot is the total photoabsorption cross section, σi is the photoioniza-
tion cross section and H is the neutral pressure scale. Therefore, the 
maximum electron/ion density is proportional to [Fꝏ]0.5 and Te

0.35. So, it 
is obvious from this dependency why a higher Te and Fꝏ result in a 
larger ne. To simplify, some studies prefer to use a formula with an EUV 
proxy like F10.7. For example, Kliore and Mullen (1989) find the 
following relationship for the evolution of the main peak density with 
the solar EUV index at the subsolar point: N0(F10.7) =N0(150) * (F10.7/ 
150)0.376, determined from the Radio Occultation observations of 
Pioneer Venus. At the altitude of the peak, the ion or electron density in 
a Chapman layer for a solar zenith angle χ is given by: 

Niχ = nimax,0
* [cos(χ) ]k  

where k is 0.5 for an ideal Chapman layer, for a plane parallel atmo-
sphere. The plane parallel approximation is fairly accurate for solar 
zenith angles <60◦, above 60◦, the exponent k should be smaller than 
0.5 and decrease monotonically as the terminator is approached due to 
the spherical geometry becoming more important. Another difference 
between real ionospheric layer and an ideal Chapman layer is that 
photoionization is supplemented by (photo-)electron-impact ionization. 
Because the more energetic photons penetrate to lower altitudes, the 
(photo-)electron-impact ionization rates usually peak lower in the 
ionosphere than do those due to photoionization. 

The Venus PCM electron density at the main ionospheric peak and 
the altitude of this peak are compared to numerous Pioneer Venus (high 
solar activity) and Venus Express (low-intermediate solar activity) ob-
servations. We respectively find a factor k equal to 0.454 and 0.452 for 
the no-ambipolar and ambipolar version of the model and for SZA < 70◦. 
This value is significantly lower than the exponent that Kliore and 
Mullen (1989) calculated (k = 0.511) but they included a larger range of 
solar zenith angle values. The model of Fox (2006) finds similar values 
with 0.43 for 60–70◦ SZA ranges. Our model therefore remains within 
the ranges of values of the observations and of the other models for the 
Chapman SZA dependency. 

The variation of the simulated altitude of the ionospheric density 
peak with the solar zenith angle is in agreement with observations, with 
a value around 138–142 km at the subsolar point, and seem not to be 
significantly influenced by solar activity (see Fig. 4). Cravens et al. 
(1981) explained the nearly constant altitude peak over such a large 
solar zenith angle range as due to the “collapse” of the thermosphere as 
it merges into the nightside cryosphere, where the temperature and the 
neutral density are very low. 

The variation of the main electron density peak of the Venusian 
ionosphere with the solar zenith angle for different data sets and 
different E10.7 is shown in Fig. 5. It can be seen that our model re-
produces with good agreement the electron density peak at high solar 
activity (200 s.f.u) with a value of ~7.4–7.5 * 105 cm− 3 at the subsolar 
point and ~ 5.4 * 105 cm− 3 at 60◦, similar to those in Cravens et al. 
(1981). However, our model at low solar activity (70 s.f.u) over-
estimates the electron density peak with a value of 5.7 * 105 cm− 3 at the 
subsolar point and ~ 4.2 * 105 cm− 3 at 60◦, which is close to VEX ob-
servations at moderate solar activity (140 s.f.u; 5.6–6.0 * 105 cm− 3 at 
subsolar point), giving a variation of the density peak of about 30% 
between the low and high solar activity. The model described in Fox and 
Sung (2001) finds a 60% variation of the Chapman density peak for a 
SZA of 60◦ between the minimum and maximum solar activity (80–200 
s.f.u) with a constant electron temperature at the ionospheric density 
peak. Determining the dependence of electron density on E10.7 as 
performed in Kliore and Mullen (1989), we obtain an exponent of 
0.26–0.27 for Venus PCM against 0.376 for Kliore and Mullen (1989) 
and 0.479–0.512 from the peak density values at high and low solar 
activity from the model of Fox and Sung (2001). Using the VEX electron 

density peak data for SZA < 70◦ to assure the flat atmosphere approxi-
mation, and correcting for SZA dependency (which amounts to dividing 
by [cos(χ)]k with here k = 0.5), a linear regression of these observations 
gives an EUV variation factor of 0.62–0.63, between 80 and 150 s.f.u., 
which is significantly higher than those for previous observations and 
modelling. These results about the influence of the solar activity will be 
discussed later. 

3.2. Simulated vertical profiles and ionosphere composition 

The vertical profiles of the electron number density obtained with 
and without ion ambipolar diffusion for SZA < 20◦, 50◦ < SZA < 60◦ and 
100◦ < SZA < 110◦ and for different E10.7 compared to PV and VEX 
observations are displayed in Fig. 6. The difference in variability be-
tween the night-time observations of Pioneer Venus and Venus Express 
can be explained by the observation method used. In-situ observations of 
the upper atmosphere have smaller uncertainties than night-side radio 
occultation. On the dayside, the ambipolar diffusion has negligible ef-
fects below 160 km, affects the ionosphere above ~180 km and allows 
Venus PCM to reproduce the observations from PV-OETP very well at 
high solar activity. Ambipolar diffusion has more effects at lower alti-
tude for higher solar zenith angle because photochemical forcing be-
comes less important, as we can see on the nightside with a strong effect 
above 130 km. We can also see that the secondary peak at 125 km on the 
dayside is underestimated by our model. This peak is initially created by 
wavelengths below 15 nm (soft X-ray), and this underestimation can be 
explained by two phenomena: Firstly, we have too low a spectral reso-
lution below 5 nm (1 single bin), which can cause an underestimation of 
its effect as specified in González-Galindo et al. (2013), secondly, it is 
also due to the absence of (photo-)electron impact ionization, which is 
the main source of ionization below 130 km altitude. 

Fig. 7 shows the ion number density in the lower ionosphere between 

Fig. 4. Altitude of the main ionospheric peak versus solar zenith angle. The 
E10.7 solar flux index is adjusted for the Earth-Sun-Venus angle but its 
magnitude remains standardised to 1 AU. Red circles correspond to the data 
from Cravens et al. (1981) at high solar activity. Yellow and black circles 
correspond to the VEX observations for respectively low solar activity and in-
termediate solar activity conditions. Venus PCM results are in blue with 70 s.f.u 
for square points and 200 for star points. The <value> corresponds to the 
average E10.7 value for each selection of VEX-VERA data. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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08 h and 09 h local solar time predicted by no-ambipolar and ambipolar 
version of Venus PCM and compared to the PV-OIMS observations. As 
explained previously, although the PV-OIMS data go down to 160 km, 
we are limiting our analysis to observations above 200 km as a technical 
problem of Pioneer Venus caused a significant overestimation of the ions 
density below 200 km (Miller et al., 1984; Brace and Kliore, 1991). As 
observed, O2

+ completely dominates the atmosphere below 160 km 
altitude, while O+ takes over above 190 km altitude, which is similar to 
the model of Fox and Sung (2001). In the no-ambipolar version of the 
VPCM, the ionospheric peak around 220 km is mostly composed of O+; 
this structure is explained by the photochemical equilibrium hypothesis. 
Indeed, ionic species density is mainly controlled by the fast reaction 
scheme seen in the introduction, which loses efficiency with altitude. So, 
if the peak at 140 km altitude corresponds to the equilibrium between 
ion production by CO2 photoionization and O2

+ destruction by disso-
ciative recombination, the peak at 220 km corresponds to the equilib-
rium between O+ photoionization and its chemical destruction in the 
absence of ambipolar diffusion. The O+ density profile at photochemical 
equilibrium is very different from the one with ambipolar diffusion and 
presents a large upward density gradient, which leads to a strong 
downward flux as seen in Fig. 7. So, the O+ peak density moves down-
ward to 185 km where the ambipolar diffusion is activated. 

With the ambipolar diffusion, the density profiles for CO2
+ and O+ are 

in better agreement with the PV-OIMS observations (see Fig. 7), and so is 
the electron density with the PV-OETP observations (see Fig. 6). How-
ever, above 200 km, predicted O+ densities are ~60% of those measured 
by PV-OIMS, and there is overestimation of the O2

+ density, probably due 
to the over-estimation of the ion temperature between 140 and 190 km 
which influences the scale height. Another indication of the effect of 
overestimating the electron temperature comes from the O+ peak lying 
between 180 and 190 km, compared with 210 km in the paper by Fox 

and Sung (2001) which uses a lower ion temperature than ours and 
suggests that variations in electron and ion temperature have an influ-
ence on the density peak. Predicted CO2

+ densities seem to be in the 
observation range of PV-OIMS. The underestimation of NO+ and CO+

density above 190 km altitude does not seem to be linked to an effect of 
ambipolar diffusion, but rather to a chemical effect, since these species 
already seemed to be underestimated without ambipolar diffusion. For 
these two species, the cause of the discrepancy is most likely due to 
chemical reaction rates and the neutral composition of the thermosphere 
below 180 km, in the PCE region. 

3.2.1. Ionospheric chemistry 
As with neutrals and molecular diffusion, the composition of the 

lower ionosphere will be greatly influenced by ionic (and neutral) 
composition below 180 km (in the PCE region), and will be controlled at 
higher altitudes by ambipolar diffusion. Studies of the ionospheric 
composition of Venus, meanwhile, are mostly limited to observations 
made by Pioneer Venus between 1978 and 1982 during the period of 
high solar activity, covering the whole dayside and much of the night, 
but only above 155 km, which limits the validation and improvement of 
ion chemistry. Because of the composition of its neutral thermosphere, 
which is chemically similar to that of Venus, the Martian observations 
and the difficulties of the Martian models to reproduce the MAVEN 
observations are of great interest for the development of Venusian 
ionospheric models. Mars has greater temporal and spatial coverage of 
the ionosphere thanks to recent observations by the MAVEN satellite 
since 2014 covering from 150 (intermediate solar activity) to 80 s.f.u 
(low solar activity), including the composition of the main ionospheric 
peak. As a result, many models have focused on reproducing ionospheric 
chemistry (Withers, 2023 and herein). They also present difficulties in 
reproducing observations in the PCE region, notably O2

+, CO2
+ and O+, 

with the CO2
+/O2

+ ratio notably overestimated (Fox et al., 2021; Withers, 
2023 and herein) at the ionospheric peak and O+ underestimated in 
favour of O2

+ and CO2
+ at higher altitudes. 

As the most important of all ion-neutral reactions is the charge ex-
change reaction between CO2

+ and O, which can produce either O2
+ and 

O+ (see E02, E03 and E05 reactions in Table 3), these reaction rates have 
been investigated in order to explain these differences. Yet, the only two 
laboratory measurements of this pair of rate coefficients differ by an 
order of magnitude or more (Fehsenfeld et al., 1970; Tenewitz et al., 
2018), as well as for the reaction rates calculation from composition 
(Fox et al., 2017, 2021). The conclusion of Fox et al. (2021) suggests that 
only the reactions rates from Fehsenfeld et al. (1970), although 50 years 
old, are much better at explaining the observed density profiles of O+, 
O2
+ and CO2

+ on Mars, even if it remains significant difference with ob-
servations. The abundance of atomic oxygen is also an important 
parameter, as is the case for Venus (Martinez et al., 2023). So, in parallel 
with ambipolar diffusion, questions about ionospheric chemistry below 
200 km need to be studied in greater depth on Venus (Fox and Sung, 
2001; Fox, 2006), in line with Martian observations and models. 

3.2.2. Nightside and horizontal transport 
On the nightside, the effect of ambipolar diffusion is very significant, 

with a drastic change in the electron profile, as seen in Fig. 6. This is due 
to the fact that, in the presence of ambipolar diffusion, ions diffuse to 
lower altitudes where the density of neutrals is greater, and react very 
rapidly to form O2

+ and NO+, which are then destroyed by dissociative 
recombination. However, Ambipolar Venus PCM underestimates the 
density of ions and electrons by several orders of magnitude compared 
with PV-OIMS and PV-OETP observations, far more than the underes-
timation of the nightside martian ionosphere in the paper described by 
Chaufray et al. (2014). There are several possible explanations for this 
collapse:  

- Firstly, on the Venusian nightside, a tenuous ionosphere is mainly 
maintained due to the plasma flow from dayside to nightside. (Fox 

Fig. 5. Electron number densities at the ionospheric peak versus solar zenith 
angle. The E10.7 solar flux index is adjusted for the Earth-Sun-Venus angle but 
it magnitude remains standardised to 1 AU. Red circles correspond to the data 
from Cravens et al. (1981) at high solar activity. Yellow and black circles 
correspond to the VEX observations for respectively low solar activity and in-
termediate solar activity conditions. Venus PCM results are in blue with 70 s.f.u 
for square points and 200 for star points. The <value> corresponds to the 
average E10.7 value for each selection of VEX-VERA data. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 6. Vertical profiles of the upper thermosphere electron number density for different solar zenith angles (top: < 20◦, middle: 50–60◦ and bottom: 100–110◦) and 
for different solar activity periods (left panel: low solar activity, right panel: high solar activity). Left panels: black circle points correspond to the Venus Express 
observations during Venus Express Radio Science Experiment (VeRa), during low solar activity. Right panels: black circle points correspond to the in-situ mea-
surements from Pioneer Venus Orbiter ETP, during high solar activity. Red dashed curves correspond to the electron number density predicted by the “no ambipolar” 
version of Venus PCM. Blue curves correspond to the electron number density predicted by the “ambipolar” version of Venus PCM. The coloured areas correspond to 
the min/max variability of the electron number density of the corresponding version of Venus PCM. The modelled densities are not plotted above 250 km (200 km) 
because the top of the model is close to this altitude on the dayside (nightside). The <value> corresponds to the average E10.7 value for VEX-RO data. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and Kliore, 1997; Knudsen et al., 1981). Indeed, at high altitude but 
below the ionopause, the plasma flow from the subsolar region to-
ward the nightside is primarily driven by the day-to-night pressure 
gradient and the momentum transfer from the solar wind above the 
ionopause. For instance, Knudsen et al. (1981) showed that the O+

ions at the terminator have an antisunward velocity component of 
2–3 km/s, and are accelerated nightward by the plasma pressure 
gradient force above 300 km up to the ionopause, which is an order 
of magnitude larger than that of neutrals. The average value of the 
antisunward component of the ion velocity in the terminator region 
at high solar activity increased with altitude from a few hundred m. 
s− 1 at 150 km to ~4 km.s− 1 at 800 km (below ionopause; Knudsen 
and Miller, 1992). 

However, we have neglected the horizontal effect of ambipolar 
diffusion. So the ions are transported only by neutral winds in Venus 
PCM, which is slower and limit the ion horizontal transport. Indeed, 
in Chaufray et al. (2014), the authors explain that the horizontal 
diffusion has limited effect on the ion density on the nightside and 
that their Martian model underestimates the transterminator veloc-
ity by a factor 5 and so underestimate the ion transport from dayside 
to nightside. They suggested that the top of the model is too low for 
transport to be efficient, and that the difference in transterminator 
velocity with observations could be explained by the transport of 
ions by the solar wind via momentum transfer on Mars. Knudsen and 
Miller (1992), however, suggest that transport is dominated on 
Venus by the plasma pressure gradient, especially below the ion-
opause (300–1000 km according to the solar activity intensity).  

- Secondly, the Venus PCM does not take into account electron impact 
processes, which are the main source of ionization on the nightside. 

Haider (1988) suggests that the electron impact ionization plays an 
important role in maintaining the ionosphere on the night side at low 
solar activity, when day-to-night ion transport is less efficient, even if 
the ion production rate by electron impact on the nightside is much 
lower than the dayside photoionization.  

- Thirdly, the Venus PCM does not take into account the transport of 
ionic species by the solar wind (especially above the ionopause) 
which are much faster but also cause a loss term. This physical 
phenomenon is generally omitted due to its particularly high 
computational cost. These last three phenomena will therefore limit 
the contribution of new ion species on the nightside.  

- Lastly, at low altitude, the chemical life of O2
+, O+ and CO2

+ is much 
lower than at high altitude. The downward shift in the ion density 
peak will increase recombination losses. The characteristic time of 
recombination is much shorter than that of horizontal transport. 
Therefore, ambipolar diffusion will cause a drastic reduction in the 
density of ions and electrons, not compensated by the under-
estimated day-to-night horizontal transport. Chaufray et al. (2014) 
show less collapse on the nightside on Mars, yet as on Venus, hori-
zontal transport time is greater than the chemical lifetime of ion 
species. This difference can be explained by the greater distance to be 
covered on the night side (The radius of Venus is 55% greater than 
that of Mars) and the length of nights on Venus, which is 120 times 
greater than on Mars, while horizontal transport times remain 
comparable. Adding horizontal transport by plasma pressure will 
increase the fluxes of ions and electron from day to night at the 
terminator. As a result, there would be a slight decrease in ion and 
electron density at high altitude on the dayside near the terminator, 
but an increase on the nightside. 

So, our choice to neglect horizontal transport by the plasma pressure 
gradient was probably invalid on Venus, and would require further in-
clusion to estimate its effect on nightside ion density. 

3.3. Solar activity variations 

The orbit of Venus has a very low eccentricity (e = 0.0067) and a low 
obliquity (− 2.63◦). So, the seasonal effects are almost negligible and the 
main temporal variation in the ionosphere is due to the solar activity. 
However, no vertical profiles of the ion composition have been retrieved 
since Pioneer Venus in the 1980s and, unfortunately, no mission is 
currently planned for the next decades to measure the composition of 
the Venusian ionosphere and its ion/electron temperature. So, we have 
few constraints to reproduce the influence of the solar cycle on the 
properties of the ionosphere, its ion-neutral chemistry and to understand 
the role of the transport process. This will strongly limit the develop-
ment and validation of GCMs. Due to the absence of evolution of the 
electronic and ionic temperature with solar activity within the Venus 
PCM, the evolution of the electron density is strictly due to the evolution 
of the photoionization rates linked to the solar spectrum and the neutral 
composition of the Venusian thermosphere. 

Fig. 6 shows the variation of the vertical electron profile for low and 
high solar activity. On the dayside, Ambipolar Venus PCM reproduces 
electron density observations with good agreement, as well as the 
variation with altitude. At low solar activity, the model reproduces the 
evolution satisfactorily up to 190 km altitude, then underestimates the 
decay with altitude, probably due to a larger ionic scale height. This 
could be explained by our approximations of ion and electron temper-
atures. Indeed, we said earlier that we slightly overestimated ionic 
temperature, indexed on electronic temperature which is only suitable 
for high solar activity. So, the ion and electron temperatures are over-
estimated at low solar activity, leading to a larger ionic scale height. 
Moreover, a lower electron temperature induces more losses of O2

+ by 
dissociative recombination, so reduces the electron number density 

Fig. 7. Vertical profiles of the lower ionosphere (upper thermosphere region) 
number density composition (red: 16 amu (O+), pink: 32 amu (O2

+), orange: 28 
amu (CO+), brown: 30 amu (NO+), blue: 44 amu (CO2

+) and black: electron) 
between 08 h and 09 h local solar time. The circle points correspond to the PV- 
OIMS observations. The full star lines correspond to the densities predicted by 
the “ambipolar” version of Venus PCM. The dashed star lines correspond to the 
densities predicted by the “no-ambipolar” version of Venus PCM. The modelled 
densities are not plotted above 250 km because the top of the model is close to 
this altitude. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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below 190 km. As it is already adapted to high solar activity, electronic 
temperature variations with E10.7 index will only modify low solar 
activity and improve the comparison. In addition, above 190 km, Mar-
tinez et al. (2023) have shown that the Venus PCM overestimates the 
mass density of Venus’ atmosphere by a factor of 2 at 130 s.f.u around 
the equator on the dayside. It is therefore likely that part of the over-
estimation of electron density is linked to an overestimation of the 
neutral density of the upper thermosphere at low solar activity as seen in 
Martinez et al. (2023). Currently, the variation of the electron density at 
250 km between 70 and 200 s.f.u is around a factor two for Venus PCM 
against at least 5 for observations. 

At the level of the main Chapman peak, the Venus PCM reproduces 
the ionospheric peak during the high solar activity period (200 s.f.u) 
with good agreement with the data of Cravens et al. (1981) (see Fig. 5), 
but underestimates the variation between low and high solar activity 
with an overestimation by a factor ~ 1.2–1.25 at low solar activity 
period. As mentioned earlier, and like the model by Fox and Sung (2001) 
which could reproduce the variations of the ionospheric peak density 
with solar activity but underestimated its density in comparison to 
Cravens et al. (1981), our model uses an electron temperature inde-
pendent of solar activity. The differences in the peak electron density 
dependency to solar cycle between the Venus PCM and the Fox and Sung 
(2001) model would therefore lie mainly in the change of the EUV solar 
spectrum, and therefore of electron production at the Chapman peak, 
which we overestimate at low solar activity. Comparison with obser-
vations is more difficult, however, because the density of the Chapman 
peak depends on the square root of electron production and electron 
temperature with an exponent of 0.35, and it is currently difficult to 
differentiate the contribution of electron production from that of elec-
tron temperature, due to the large uncertainties in determining the 
electron temperature at 140 km and its dependence in solar activity. 

Although this subject is still under debate, some suggest that the 
electron temperature at the ionospheric peak could decrease by at least 
25% from high to low solar activity, as in Kliore and Mullen (1989). If 
this variation was applied to our model, our low solar activity peak 
would decrease from 5.7 to 5.2 * 105 cm− 3 at the subsolar point, which 
would still be 15% higher than VEX observations for a slightly larger 
observed E10.7 solar flux (90 s.f.u against 70 s.f.u used in the model). 

The greater number of space missions on Mars means that it has a 
larger dataset representative of the evolution of the solar cycle, and the 
scientific community has taken an interest in the question of the varia-
tion of electronic temperature with solar activity, as in Vigren and Cui 
(2019) who used neutral data and O2

+ chemistry to reconstruct the 
variation of electronic temperature with altitude at low solar activity, 
finding a value of electron temperature 2–3 times lower at 140 km than 
those of passed missions (~200 K vs ~500–600 K). In parallel, Hanley 
et al. (2021) used MAVEN’s plasma instruments to reconstruct the 
electron temperature of Mars above 120 km altitude during the deep 
penetration phases of the spacecraft and observed that electron tem-
peratures (300–700 K) remained much higher than the temperature of 
neutrals at 120 km altitude (120–170 K; about 1–3*10− 4 Pa), while ions 
have a higher temperature than neutrals but to a lesser extent. This 
suggests that electrons and ions are no longer thermalized at these al-
titudes. Pilinski et al. (2023) built an empirical model of the variation of 
electron temperature with solar activity, and found a 7–12% variation in 
electronic temperature between mid and low solar activity period for a 
constant altitude above 160 km. The methods of Vigren and Cui (2019) 
and Kliore and Mullen (1989) could be applied to Venus data to enable a 
similar study in the future and better constrain the models. However, 
chemical reaction rates are important in these methods to determine 
chemical composition and electron temperature, which brings us back to 
our discussion about the uncertainty of chemistry reaction rates. 

4. Conclusion 

An ionospheric model has been implemented within the Venus PCM 

based on the work of González-Galindo et al. (2013) on the Martian 
ionosphere. It enables us to simulate the spatial and temporal variation 
of ion composition up to the top of the model, i.e. near the exobase. 
Ambipolar diffusion was also implemented as an option, based on the 
work of Chaufray et al. (2014) for Mars, and was adapted for the Venus 
ionosphere/thermosphere, notably by taking into account the change of 
composition with altitude and not taking into account the horizontal 
component of ambipolar diffusion in transport. 

The altitude and spatial variation of the main ionospheric peak 
predicted by the model are in line with observations from Pioneer Venus 
during high solar activity (~200 s.f.u). On the dayside, the ambipolar 
diffusion widens the range of validity of the ionospheric model above 
180 km (from 130 km on the night side) where this phenomenon be-
comes more important than photochemical equilibrium, and signifi-
cantly modifies the distribution of ionic species like O+ produced at high 
altitude. It also reproduces the profiles of the ionic composition of the 
lower ionosphere with altitude, although it underestimates the second-
ary ionosphere peak at 130 km because of the absence of photo-electron 
impact process. At low solar activity, Venus PCM overestimates peak 
electron density by 25% at 140 km and by a factor of 2–3 at 250 km 
compared with Venus Express/VeRa observations, probably due to 
electron temperature used in the reaction rate, which does not vary with 
solar activity, making the destruction and distribution of ionic species 
less efficient. The O+ density peak is around 180–190 km against 210 km 
in Fox and Sung (2001), probably due to the overestimation of the ion 
temperature below 200 km. 

On the nightside, pressure gradients transport the ions produced at 
high altitude to lower altitudes, helping to maintain a steady ionosphere. 
However, the electron density predicted by Venus PCM is under-
estimated by several orders of magnitude compared with PV-OETP ob-
servations. This is due to the efficiency of ion destruction by dissociative 
recombination, which cannot be compensated by nightside ion pro-
duction and day-to-night transport. Added to this is the absence of 
ionization electron impact processes (the primary source of nightside 
ion production), the absence of horizontal plasma pressure gradient 
processes, and the absence of solar wind motion transfer. 

Improving the prediction of the Venusian ionosphere by Venus PCM 
will be conditioned by future developments in ionospheric chemistry, 
ion and electron temperatures, and the implementation of new physical 
processes such as horizontal ambipolar diffusion and electron impact 
ionization and dissociation, which may also have a secondary impact on 
neutral composition. Finally, the transport of ions by motion transfer 
from the solar wind will be considered at the very end, due to the very 
high computational time required to resolve this phenomenon. A better 
determination of the electron temperature at the ionospheric density 
peak and its variation with solar activity is also envisaged, inspired by 
the work of Kliore and Mullen (1989) using the lastest VEX/VeRa data, 
and will be the subject of a future dependency study. 
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