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Abstract

This paper introduces the new Venus Global Ionosphere Thermosphere Model (V-GITM) which incorporates the terrestrial

GITM framework with Venus-specific parameters, ion-neutral chemistry, and radiative processes in order to simulate some of

the observable features regarding the temperatures, composition, and dynamical structure of the Venus atmosphere from 70 km

to 170 km. Atmospheric processes are included based upon formulations used in previous Venus GCMs, several augmentations

exist, such as improved horizontal and vertical momentum equations and tracking exothermic chemistry. Explicitly solving the

momentum equations allows for the exploration of its dynamical effects on the day-night structure. In addition, V-GITM’s use

of exothermic chemistry instead of a strong heating efficiency accounts for the heating due to the solar EUV while producing

comparable temperatures to empirical models. V-GITM neutral temperatures and neutral-ion densities are compared to upper

atmosphere measurements obtained from Pioneer Venus and Venus Express. V-GITM demonstrates asymmetric horizontal wind

velocities through the cloud tops to the middle thermosphere and explains the mechanisms for sustaining the wind structure.

In addition, V-GITM produces reasonable dayside ion densities and shows that the neutral winds can carry the ions to the

nightside via an experiment advecting O$ 2ˆ+$.
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Abstract9

This paper introduces the new Venus Global Ionosphere Thermosphere Model (V-10

GITM) which incorporates the terrestrial GITM framework with Venus-specific parameters,11

ion-neutral chemistry, and radiative processes in order to simulate some of the observable12

features regarding the temperatures, composition, and dynamical structure of the Venus13

atmosphere from 70 km to 170 km. Atmospheric processes are included based upon for-14

mulations used in previous Venus GCMs, several augmentations exist, such as improved15

horizontal and vertical momentum equations and tracking exothermic chemistry. Explicitly16

solving the momentum equations allows for the exploration of its dynamical effects on the17

day-night structure. In addition, V-GITM’s use of exothermic chemistry instead of a strong18

heating efficiency accounts for the heating due to the solar EUV while producing comparable19

temperatures to empirical models. V-GITM neutral temperatures and neutral-ion densities20

are compared to upper atmosphere measurements obtained from Pioneer Venus and Venus21

Express. V-GITM demonstrates asymmetric horizontal wind velocities through the cloud22

tops to the middle thermosphere and explains the mechanisms for sustaining the wind struc-23

ture. In addition, V-GITM produces reasonable dayside ion densities and shows that the24

neutral winds can carry the ions to the nightside via an experiment advecting O+
2 .25

Corresponding author: B. M. Ponder, bponder@umich.edu
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Key Points:26

• A new, non-hydrostatic Venus ionosphere-thermosphere model is introduced with new27

physics not previously included in Venus GCMs.28

• Simulations during solar minimum conditions are used for data-model comparisons of29

the temperatures, plasma and neutral densities.30

• The influence of the retrograde superrotating zonal flow is explored in relation to how31

it affects the neutral temperature and velocities.32

Plain Language Summary33

A state-of-the-art Venus global circulation model is being presented. The new model,34

V-GITM, has implications for usefulness in answering unknown questions about Venus’35

atmosphere, the physics of CO2 rich planets, and Venus missions utilizing the aerobraking36

maneuver, like VERITAS or DAVINCI. Many V-GITM simulations were performed and37

the results were compared to some of the existing Venus datasets to assess the accuracy of38

V-GITM. Furthermore, the cloud layer below the thermosphere has a unique wind pattern39

and its impact on the thermosphere temperatures and winds were explored. Also, some of the40

driving mechanisms necessary for creating a nightside ionosphere at Venus were examined.41

1 Introduction42

The search for life in our galaxy is a fundamental quest. In order to help in this pro-43

cess, an understanding of the habitability of different planetary environments is important.44

The launch of the new James Webb Space Telescope with the Transiting Expolanet Survery45

Satellite (TESS) will bring new data from the mapping of transiting exoplanets around bright46

stars, allowing spectroscopic analysis of a planet’s atmospheric composition. Planets that are47

very close to the star are more likely to be observed due to the higher frequency of passing48

in front of the star. Along with this, there are characteristics that inner, rocky exoplanets may49

have in common. For example, it has been found is that the closer planets are to a star, the50

more likely they are to be tidally locked [Barnes, 2017]. In addition, planets near a star often51

times encounter large amounts of solar radiation leading to the escape of lighter species, such52

as hydrogen and oxygen, throwing the carbon cycle out of balance resulting in a CO2 rich53

atmosphere [Ehrenreich, D. and Désert, J.-M., 2011] [Taylor, F.W. et al., 2018]. In our own54

solar system, Venus shares some of these characteristics. For example, Venus is not tidally55
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locked, but has a very slow axial rotation period of 243 days which may respond similarly to56

the effects of stellar heating of tidally locked planets.57

Further, Venus’ atmosphere is dominated by CO2. Comparative planetology of ter-58

restrial planets and the role of CO2 15 µm cooling in regulating the temperature structure59

of their upper atmospheres has been shown to be different between Venus, Earth and Mars60

[Bougher et al., 1999]. As such, the CO2 rich planets (Mars and Venus) have much colder61

thermospheric temperatures than at Earth. Knowing that radiative cooling is such an impor-62

tant process for these planets and is so dependent on atomic O and CO2 densities, it becomes63

equally important to constrain the densities of each species. As pointed out in Huestis et al.64

[2008], atomic O should have variability throughout the solar cycle for Mars and Venus but65

measurements are severely lacking. Bougher et al. [2023] used MAVEN NGIMS datasets66

and compared to M-GITM simulations to capture solar cycle effects upon exospheric tem-67

peratures. Measured O abundances were used to constrain simulated O densities and CO268

cooling rates on Mars for the first time.69

Atmospheres dominated by CO2, slowly-rotating and tidally locked planets are very70

different than what we experience at Earth, but may be commonplace in exoplanets. For71

example, over 5,200 confirmed exoplanets are cataloged in NASA’s Exoplanet Archive. A72

good way to partition whether they are potentially habitable is to link Venus-like or Earth-73

like characteristics for each exoplanet.74

Measurements and numerical models are used to answer questions about the evolution,75

habitability, and the underlying physics of these atmospheres. Models allow for testing of76

different configurations, characterizing uncertainty ranges to broadly predicting habitabil-77

ity. On the other hand, direct measurements are probably the most reliable sources of data78

to attempt to improve our understanding of these atmospheres, but obtaining this data is a79

difficult task, and therefore the measurements are quite limited. New missions and modeling80

efforts characterizing the dynamics of the atmospheres of Venus and Mars assist in under-81

standing atomic O densities and the radiative cooling that results. As our ability to describe82

the role of radiative cooling at Venus and Mars improves, we will be able to better synthesize83

exoplanet data and improve our ability to assess the habitability of planetary bodies.84
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1.1 Venus Data Sets used for Comparison in This Work85

A variety of satellite missions with different instruments have visited Venus to collect86

data on the atmospheric state. Ground-based telescopes (see James Clark Maxwell Telescope87

and Heinrich Hertz Submillimeter Telescope) are capable of mesospheric temperatures and88

carbon monoxide densities. Remote-sensing revealed the temperatures at a larger variety of89

altitudes and the atmosphere’s neutral and ion densities. Limaye et al. [2017] has compiled90

many ground-based and satellite-based instrument measurements of Venus’ atmosphere and91

ionosphere, which are summarized here, and used in later sections to validate model results:92

• SPICAV (Spectroscopy for the Investigation of the Characteristics of the Atmosphere93

of Venus) uses a UV spectrometer and two IR spectrometers onboard Venus Express94

[Bertaux et al., 2007]. The UV instrument provides density and temperature profiles95

from approximately 60 km to 160 km. The VIS-IR instrument is one of two infrared96

sensors, but this is used in the 0.7− 1.7µm wavelength range to gather H2O, CO2 and97

aerosol information along with O2(1 − ∆) nightglow. SOIR (solar occultation IR)98

is part of the SPICAV suite of spectrometers, but measures CO2 spectral lines from99

2.2-4.3 µm [Korablev et al., 2003], [Mahieux et al., 2008]. Data is available at a wide100

variety of latitudes at the terminators between 70-170 km.101

• JCMT (James Clark Maxwell Telescope) is a ground-based radio telescope in Hawaii102

that is capable of making sub-mm observations of CO absorption lines and temper-103

atures between 70-110 km. Due to the differences in day-night CO densities, the104

observation range may vary.105

• HHSMT (Heinrich Hertz Sub-Millimeter Radio Telescope) is located at the Arizona106

Radio Observatory and provides temperature profiles and CO distributions from107

40-120 km on the dayside and nightside [Rengel et al., 2008].108

• VeRa (Venus Express Radio Science) used radio signals to sound Venus’ atmosphere109

and ionosphere at all longitudes and latitudes during Venus atmospheric occultation110

(i.e., the signal is occulted by Venus’s atmosphere). During the occultations, Venus’111

atmosphere lies between satellites radio transmitter and the ground station receivers112

or on Deep Space Network antennas. Measurements of the attenuated radio signals113

were used to derive atmospheric states. VeRa.0 and VeRa.1 provide density and114

temperatures from 40 km up to roughly 100 km [Häusler et al., 2006].115
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• VIRTIS-H (Visible and InfraRed Thermal Imaging Spectrometer, high resolution116

channel) observed non-LTE emissions of carbon monoxide as part of the Venus Ex-117

press spacecraft. Gilli et al. [2015] retrieved dayside temperatures, albeit with large118

uncertainties, between 100-150 km at a variety of local time and latitude bins by119

averaging non-LTE emission measurements.120

• Pioneer Venus’ Orbiter Neutral Mass Spectrometer (ONMS) measured density vari-121

ations at low latitudes in the upper thermosphere [Keating et al., 1979]. The data122

observed from this instrument are the foundation for the VTS3 empirical model,123

which is discussed more in the next section.124

In addition to the data currently available, there have been two recently selected mis-125

sions, VERITAS and DAVINCI, which will probe the atmosphere of Venus with new instru-126

ments. Venus Emissivity, Radio Science, InSAR, Topography, and Spectroscopy (VERITAS)127

aims to improve upon the radar maps from the Magellan mission in the 1990s, help scientists128

learn about the nightside IR emissivity, and measure the gravitational field around Venus129

to gain insights on the planet’s core. VERITAS, now optimistically scheduled to launch in130

2031, will perform aerobraking maneuvers that will sample the thermosphere and provide131

further constraints on upper atmospheric structure. The Deep Atmosphere Venus Investiga-132

tion of Noble gases, Chemistry, and Imaging (DAVINCI) mission is planned to launch as133

early as 2029. DAVINCI aims to deliver high precision measurements of the composition134

of the atmosphere as it descends through the thermosphere down to near surface altitudes135

[Garvin et al., 2022].136

Piecing together all the data provides clues about the composition, dynamics and137

energetics of Venus’ atmosphere, but they only tell part of the story due to data being avail-138

able at limited times and discrete locations. Models are tools that can provide a complete139

four-dimensional dataset and can test our understanding of the physics of the Venusian at-140

mosphere. Models have a variety of structures and assumptions that shape their usefulness in141

different situations.142

1.2 Model Review143

There are many models (empirical and first-principles-based) of the Venusian thermo-144

sphere:145
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• VTS-3: An empirical model created by Hedin et al. [1983] that used a spherical har-146

monic fitting of measurements from Pioneer Venus’ Orbiter Neutral Mass Spectrom-147

eter (ONMS) from 1978 - 1980 to estimate measurements from 100 km to around148

300 km. Near equator sampling by ONMS do not provide VTS-3 with useful mid-to-149

high latitude constraints. Also, ONMS in-situ datasets did not make measurements150

below about 140 km so extrapolations down to 100 km by VTS-3 are not well con-151

strained. Empirical models rely on data assimilation from remote observations so they152

are able to estimate background atmospheric states well, but due to low statistics do153

not have the same success in dynamic conditions, such as flares. VTS-3 is used as a154

comparison tool for the model presented here.155

• The empirical model from Theis et al. [1984] and Theis and Brace [1993] provide156

electron densities and electron temperatures extracted from Pioneer Venus’ Orbiter157

Electron Temperature Probe (OETP) using the method described in Krehbiel et al.158

[1980]. This has similar latitudinal and altitudinal constraints as VTS-3.159

• VIRA (Venus International Reference Atmosphere) used both lower and upper at-160

mosphere datasets to capture reference profiles at specific locations and intervals161

throughout the solar cycle [Kliore et al., 1985]. For instance, upper atmospheric162

mass densities and temperatures were based upon PVO OAD datasets [Keating et al.,163

1985]. VIRA-2 [Moroz and Zasova, 1997] updated the reference profiles based on164

composition, temperature and pressure measurements.165

• VTGCM: The Thermosphere Ionosphere General Circulation Model (TIGCM) [Dick-166

inson et al., 1984] was modified to work at Venus [Bougher et al., 1988, Brecht et al.,167

2011, 2012, Parkinson et al., 2021]. VTGCM is a 3D physics-based model on a168

pressure coordinate system. At the time, this model displayed the importance of 15169

µm CO2 cooling to balance EUV heating effects. VTGCM also uses a wave-drag170

parameterization to reduce the horizontal wind speeds.171

• V-PCM: The Laboratoire de Météorologie Dynamique (LMD) team created a Venus172

GCM, formerly LMD-VGCM, [Gilli et al., 2017, 2021, Navarro et al., 2021, Mar-173

tinez et al., 2023] now referred to as the Venus Planetary Climate Model (V-PCM).174

The V-PCM includes two unique parameterizations for the effects of the near IR solar175

heating at 4.3 µm and the radiative cooling at 15 µm. Additionally, a gravity wave176

parameterization is included to dampen the fast winds and improve stability of runs.177
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• TUGCM: Tohoku University’s GCM (TUGCM) [Hoshino et al., 2012, 2013] uses an178

atmosphere of O, CO and CO2 only and implements planetary scale waves (Rossby179

waves, diurnal and semidiurnal tides, and Kelvin waves) based on the assumption that180

these are driven upward from the mesosphere.181

A side-by-side comparison of the physics-based models (V-PCM, TUGCM and VT-182

GCM) was put together in Martinez et al. [2021]. This comparison table presents some fea-183

tures of each model and was modified to justify the development of a new model, V-GITM.184

Table 1 shows the high-level differences between each model.185

V-GITM VTGCM V-PCM TUGCM

State variables

T, u, v, w, p, see Table

2 for neutrals and ions

considered

T, u, v, w, O, CO, N2,

CO2, Z, N(4S), N(2D),

NO, O2, SO, SO2, PCE

ions

T, u, v, w, O, CO, CO2

+ photochemical model

[Stolzenbach et al.,

2023]

T, u, v, w, O, CO,

CO2, N, Z

Vertical

domain

70-170 km: 1 km

spacing

70-200/300 km: 69

pressure levels

0-200/250 km: 90

pressure levels

80-150/180 km: 38

pressure levels

Horizontal

Resolution

(Lon × Lat)

Flexible, in this work

5◦ × 2◦
5◦ × 5◦ 3.75◦ × 1.875◦ 10◦ × 5◦

Temporal

discretization

Runge-Kutta Fourth

Order, 0.5-1s timestep

Leapfrog scheme, 20s

timestep

Leapfrog-Matsuno

scheme, 21s timestep

Leapfrog scheme, 4s

timestep

Hydrostatic

assumption
No Yes Yes Yes

Ionosphere
Photochemistry and

O+
2 dynamics

Photochemistry Photochemistry -

EUV Heating
Chemical heating + 1%

FISM model
20-22% F10.7 model 17% E10.7 model 10% F10.7 model

Near IR

Direct absorption with

an IR heating

efficiency

Tabulated heating rates

from:

Roldán et al. [2000]

Crisp [1986]

Martinez et al. [2023]

Ratios between NLTE

and LTE heating rates

calculated by the GCM

[López-Valverde et al.,

1998]

Eddy diffusion

coefficient

(m2 s−1)

300

10-1000

Max value occurs

above turbopause

-

0-500

Max value occurs

above turbopause

Table 1. Four physics-based Venus models side-by-side comparing model characteristics and physics

parameterizations. Adapted from Martinez et al. [2021].

186

187
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1.3 The Need for a New Venus Model188

This study introduces a new Venus model which is focused on better understanding189

(1) how the nightside ionosphere of Venus is sustained, (2) what controls the thermospheric190

temperature as a function of altitude and solar zenith angle, (3) the impact of the retrograde191

super-rotating flow on the winds, densities, and temperatures, and (4) the role of the wind192

dynamics on day-night structures. The flexibility in the new model improves upon the sim-193

ulated physics and leads to better answering the outstanding questions at Venus. The three194

important improvements to the physics this work offers are the use of chemical heating, a195

non-hydrostatic solver and the inclusion of coupled ion dynamics.196

For example, the method of using chemical heating is standard at Earth, but less com-197

mon for planetary environments. It is typical for GCMs to adopt a heating efficiency to198

account for the heating effects from the solar EUV. In many cases, this method offers a good199

approximation, but the implementations are incomplete when using a uniform heating effi-200

ciency due to the solar EUV heating coming through a route of ionizing neutrals that release201

heat in exothermic chemical reactions. Ions are not uniformly distributed and so the chem-202

ical reactions do not heat the thermosphere uniformly making a constant heating efficiency203

inaccurate. The use of an uncertain heating efficiency produces an unreliable heating bal-204

ance which may simulate incorrect temperatures and wind speeds or, in the case of plausible205

results, it biases our understanding of the physics incorrectly.206

Hydrostatic equilibrium is a state of planetary atmospheres when the vertical pressure207

gradients are balanced by the effects of the planet’s gravitational pull. This balance prevents208

atmospheres from being completely lost to space or collapsing under its own weight. As209

shown in Table 1, the existing Venus GCMs assume hydrostatic equilibrium to simplify210

the vertical wind calculation. V-GITM’s non-hydrostatic solver is better-suited to address211

questions at Venus where it is still undetermined if the hydrostatic assumption is always212

appropriate. The hydrostatic assumption breaks down when vertical and horizontal scales are213

on the same order of magnitude, which is not the case in this study, but become more impor-214

tant as finer resolutions are used. Navarro et al. [2021] began exploring the effects of a finer215

horizontal grid and suggested the development of a shock on Venus. It was also mentioned216

that the hydrostatic dynamical core may be limiting the 3D modeling of shock formation.217

GITM explicitly solves for the winds without the use of artificial wave-breaking which is218

useful for allowing vertically propagating sound waves to form naturally. This makes V-219
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GITM a useful tool to support the findings of a shock-like feature or determine if the shocks220

are an artificial creation originating from the hydrostatic assumption.221

Due to the slow-rotation of Venus, dayside ions do not co-rotate with Venus all the222

way to the nightside due to the timescales of chemistry. For this reason, Venus’ nighttime223

ionosphere is assumed to be driven by ion dynamics or precipitating particles. Currently,224

VTGCM and V-PCM assume use a chemistry model with no advection to simulate the iono-225

sphere. As discussed in section 2.3, V-GITM includes the dynamics of O+
2 in an attempt to226

create a nightside ionosphere.227

2 The Venus Global Ionosphere-Thermosphere Model (V-GITM)228

The original Global Ionosphere Thermosphere Code [Ridley et al., 2006] was adapted229

into a Mars model that goes from the surface of Mars to 300 km which has been referred230

to as M-GITM [Bougher et al., 2015]. M-GITM is a 3D spherical code based in altitude231

coordinates that solves the Navier Stokes equations for the ions, electrons, neutral densities,232

temperatures and winds as well as the ion composition and velocities. It includes multiple233

parameterization models that are embedded in the code, including: (1) a model to simulate234

the effects of the dust in the lower atmosphere of Mars [Jain et al., 2020]; (2) a modern235

NLTE CO2 15 µm cooling scheme [Roeten et al., 2019] and (3) a FISM-M solar flux model,236

based upon MAVEN EUVM measured EUV-UV fluxes at Mars, is used to drive M-GITM237

solar heating, dissociation and ionization rates [Thiemann et al., 2017]. A flat 20% EUV238

heating efficiency is used. FISM is able to better represent the solar EUV entering the Mar-239

tian atmosphere compared to an Earth-based F10.7 proxy model.240

V-GITM begins with the Mars GITM code, taking advantage of existing chemistry and241

CO2 cooling scheme. Mars unique processes, such as dust storms and wave-drag parameteri-242

zations, are removed in the new model. The solar EUV heating has transitioned from using a243

20% heating efficiency to primarily using chemical heating.244

2.1 Planetary and Orbit Characteristics245

The GITM code is very modular, making updating planet and orbit characteristics246

straightforward to update. Some of the main items that required updating are shown in Table247

1.248
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Property Mars Venus

Surface Gravity (m/s2) 3.73 8.87

Rotation period (days) 1.03 233.5

Radius (km) 3388.25 6051.8

Axial Tilt 25.19◦ 0◦1

Sun-Planet Distance (AU) 1.38-1.67 0.718-0.728

Eccentricity 0.093 0.0067

Neutral Species Considered
CO2, CO, N2, O2, O, Ar, N(4S),

He

CO2, CO, N2, O2, O, N(2D), Ar,

N(4S), NO

Ion Species Considered O+
2 , O+, CO+

2 , N+
2 , NO+ O+

2 , O+, CO+
2 , N+

2 , NO+

Table 2. Planetary constants used for M-GITM and V-GITM. In the case of the final two constants related

to orbit characteristics, these values come from Bannister [2001] that have compiled tables from NASA JPL’s

website (http://ssd.jpl.nasa.gov/). Bolded ion/neutral species are advected in the model. 1Venus’ true axial

tilt is around 3◦, flipped for retrograde rotation. 0◦ is used as an approximation until the retrograde rotation is

added.

249

250

251

252

253

2.2 Neutral Dynamics254

V-GITM is developed based on the the Earth and Mars Global Ionosphere Thermo-255

sphere Models with its own unique set of atmosphere species considered (Table 2). The256

atmospheric constituents and resulting chemistry are very similar to Mars with CO2 being257

the major species getting overtaken in the upper thermosphere by atomic oxygen. The model258

solves the continuity, momentum and temperature equations in three dimensions using a259

finite difference scheme without assuming hydrostatic equilibrium. The GITM frameworks260

splits the horizontal solver, vertical solver, and source terms. Below, the vertical equations261

with source terms are described in detail, while the horizontal advection equations are simi-262

lar to those described in Ridley et al. [2006].263

The continuity equation is:

∂Ns

∂t
+

∂ur,s

∂r
+

2ur,s

r
+ ur,s

∂Ns

∂r
=

1

Ns
Cs (1)
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where r is the radial (vertical, positive outward) direction in spherical coordinates, Ns264

is the total number density for species s for each bolded element in Table 2 , Cs is the sum of265

the source and loss terms due to chemistry and ur,s is the vertical velocities of species s. The266

sources and losses due to chemistry are computed for the reactions in Table 3.267

Photolysis is the category of reactions that are performed when incoming radiation268

causes an ionization or dissociation of a neutral particle. This is a necessary component for269

creating and maintaining the dayside ionosphere on Venus. When ions are created, they may270

undergo charge exchange or recombination with an electron. Charge exchange or recom-271

bination are typically exothermic reactions and therefore produce heat that gets absorbed272

in the atmosphere. Keeping track of this exothermic chemical heating is a major difference273

in V-GITM from existing Venus models that approximate this process via a direct heating274

rate, taking a fixed percentage (typically between 8-25%) of the incoming solar EUV energy275

deposition and using that as an energy source.276
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Reaction Number Chemical Reaction Reaction Rate (m3s−1) Exothermicity (eV)

Photolysis

R1 N2 + hν → N(4S) +N(2D)

R2 N2 + hν → N+
2

R3 CO2 + hν → CO+
2

R4 CO2 + hν → CO +O

R5 O + hν → O+

R6 O2 + hν → 2O

R7 O2 + hν → O+
2

R6 NO + hν → N(4S) +O

R7 NO + hν → NO+

Neutral Bimolecular Chemistry

R8 CO+
2 +O → O+

2 + CO 1.64× 10−16 1.33

R9 CO+
2 +O → O+ + CO2 9.6× 10−17 -

R10 CO2 +O+ → O+
2 + CO 1.1× 10−15 1.21

R11 N(4S) +O → NO See Appendix A -

R12 N(2D) +O → N(4S) +O(3P )
2.0× 10−17

2.38

R13 N(2D) +O → N(4S) +O(1D) 0.42

R14 N(2D) + CO2 → NO + CO 2.8× 10−19 -

R15 O+
2 +N(4S) → NO+ +O 1.0× 10−16 4.19

R16 O+
2 +N(2D) → NO+ +O 1.8× 10−16 -

R17 O+
2 +NO → NO+ +O2 4.5× 10−16 2.81

R18 O+
2 +N2 → NO+ +NO 1.0× 10−16 -

R19 N+
2 + CO2 → N2 + CO+

2 9.0× 10−16(300/Ti)
0.23 1.81

R20 N+
2 +O2 → N2 +O+

2 5.1× 10−17(300/Ti)
1.16 3.5

R21 N+
2 +O → NO+ +N(2D) See Appendix A 3.06

R22 N+
2 +O → O+ +N2 7.0× 10−18(300/Ti)

0.23 1.01

R23 N+
2 +NO → N2 +NO+ 3.6× 10−16 6.32

Table 3. Photolysis and neutral bimolecular chemistry reactions with their corresponding reaction rates and

exothermicity in V-GITM. Reaction rates are adopted from [Fox and Sung, 2001].

277

278
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Reaction Number Chemical Reaction Reaction Rate (m3s−1) Exothermicity (eV)

Electron Recombination Chemistry

R24

O+
2 + e → O(3P ) +O(3P )

2.4× 10−13(300/Te)
0.7

6.99

→ O(1D) +O(3P ) 5.02

→ O(1D) +O(1D) 3.06

→ O(1D) +O(1S) 0.83

R25

CO+
2 + e → CO(X1Σ+) +O(3P )

3.5× 10−13(300/Te)
0.5

8.31

→ CO(a3Π) +O(3P ) 2.3

→ CO(a′3Σ+) +O(3P ) 1.26

→ CO(d3∆) +O(3P ) 0.49

R26
NO+ + e → O +N(4S) 3.0× 10−13

√
300/Te 2.75

→ O +N(2D) 1.0× 10−13
√
300/Te 0.38

R27 N+
2 + e → 2N(2D) See Appendix A 1.06

Termolecular Neutral Chemistry

R28 O + CO + CO2 → 2CO2 6.5× 10−45e−2180/Tn -

R29 O +O + CO2 → O2 + CO2 2.75× 10−44 -

R30 O +O + CO → CO2 +O 3.4× 10−39e−2180/Tn -

R31 O + CO + CO → CO2 + CO 6.5× 10−39e−2180/Tn -

Table 4. Electron recombination and termolecular neutral chemistry reaction rates and exothermicity in

V-GITM. Reaction rates are adopted from [Fox and Sung, 2001].

279

280
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During O+
2 and CO+

2 recombination, many different states of O and CO can be pro-281

duced. V-GITM groups all excitation states as one species in the model, i.e. O(1D), O(3P ),282

and O(1S) are handled as just O. The same is done for CO’s different states. The branching283

ratios that describe the partitioning into each state is important due to the different exother-284

micity associated with each recombination. Regarding CO+
2 recombination (see R25), the285

branching ratios used are (0.24, 0.38, 0.18, 0.20) as follows from Rosati et al. [2003] and Gu286

et al. [2020].287

O+
2 recombination (see R24) branching ratios also vary with the O+

2 ’s vibrational state288

(ν). As described in Petrignani et al. [2005], the branching ratio for ν = 0 is (0.265, 0.473,289

0.204, 0.058), ν = 1 is (0.073, 0.278, 0.51, 0.139), and ν = 2 is (0.02, 0.764, 0.025, 0.211).290

To approximate the correct fractional population of the vibration states by altitude, Figure 1291

in Fox [1985] was followed. Below 130 km the vibrational population of O+
2 is assumed to292

be 100% in the ν = 0 state. In the altitude range of 130 km - 170 km, each vibrational state293

was interpolated between the fractional population values found at 130 and 170 km.294

At the bottom boundary, each neutral species density is fixed using a constant value295

estimated by VTS3 except O, N(4S), N(2D), and NO which are all zero. The top boundary296

assumes a hydrostatic fall off of each species number density.297

The vertical momentum equation is:298

∂ur,s

∂t
+ ur,s

∂ur,s

∂r
+

uθ

r

∂ur,s

∂θ
+

uϕ

r cos(θ)

∂ur,s

∂ϕ

+
k

Ms

∂T

∂r
+ T

k

Ms

∂Ns

∂r

= g + Fs +
u2
θ + u2

ϕ

r
+ cos2(θ)Ω2r + 2 cos(θ)Ωuϕ

(2)

where the north latitude direction is θ and the east longitude direction is ϕ. The east-299

ward and northward bulk velocities are uϕ and uθ, respectively. T is the neutral temperature,300

while Ms is the mass of species s. Venus’ angular velocity and gravity are Ω and g respec-301

tively. The u2
θ + u2

ϕ/r term is due to spherical geometry. The final two terms on the RHS are302

the centrifugal and Coriolis forces. Neutral-neutral and ion-neutral friction in the Fs are:303

Fs =
ρi
ρs

νin(vr − ur,s) +
kT

Ms

∑
q ̸=s

Nq

NDqs
(ur,q − ur,s) (3)
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where ρi is the ion mass density, νin is the ion-neutral collision frequency, vr is the304

ion velocity in the radial direction, Nq is the total number density for species q that species s305

interacts with, and N is the bulk number density. Dqs is the molecular diffusion coefficient306

between s and q species as described in Colegrove et al. [1966], table 1. ur,q is the vertical307

velocity of the other species s. Eddy vertical mixing is added to the vertical velocity solved308

for in Equation (2) at every time step. The eddy vertical velocity as shown in Malhotra and309

Ridley [2020]:310

vseddy = −Keddy
∂

∂r
(ln(

ρs
ρ
)) (4)

where Keddy is the eddy diffusion coefficient, ρs is the species-specific mass density,311

and ρ is the bulk mass density. Currently, the eddy diffusion coefficient used is a constant312

value of 300 m2/s, but can be improved with future work following a variation of the non-313

uniform profile described in Mahieux et al. [2021]. 1D values of the eddy diffusion coeffi-314

cient may be too large for 3D models, due to the global circulation serving to modify vertical315

density profiles, thereby reducing the need for additional turbulent effects added via an eddy316

diffusion coefficient [Bougher et al., 1999].317

The top boundary condition for the vertical winds is to have zero gradient for the318

out flow (positive radial velocities), while preventing any downflow (no downward radial319

velocities allowed). In the meridional (N/S) and zonal (E/W) direction, the top boundary320

conditions applies zero vertical gradient. The bottom boundary velocity is zero in the merid-321

ional direction and vertical direction, while the zonal velocity follows the cloud top behavior322

observed at Venus. The cloud motion is persistently westward and is commonly referred to323

as a retrograde superrotating zonal (RSZ) flow because it is faster than the rotation of the324

planet [Bougher et al., 2008]. The lower boundary condition in the zonal direction is set to325

be -100 m/s with a cosine fall-off as a function of latitude as shown in Figure 1. This condi-326

tion assists in better understanding the unique impact of the mesosphere on the thermosphere327

[Peralta et al., 2017, Schubert et al., 2007]. A cosine fall-off is an elementary approximation328

to capture the low-latitude zonal velocity while also reducing the observed high-latitude329

velocity, which rapidly dissipates poleward of 50-60◦ N/S [Machado et al., 2012, 2017].330
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Figure 1. Zonal velocity lower boundary condition at 70 km altitude.331

The vertical energy equation for the normalized, neutral temperature, T = kT/m̄n is:

∂T
∂t

+ ur
∂T
∂r

+ (γ − 1)T (
2ur

r
+

∂ur

∂r
) =

k

cvρm̄n
Q (5)

where γ is the adiabatic index that is attached to the change in energy from the expansion of

the gas, cv is the specific heat constant, k is Boltzmann’s constant, and m̄n is the mean mass.

The various source terms are given by:

Q = QEUV +QIR +QO +QCO2 +QCHEM +
∂

∂r
((κc + κeddy)

∂T

∂r
) (6)

where QEUV and QIR are the contribution from the Sun’s extreme ultraviolet and infrared,332

respectively. The QO and QCO2 detail the cooling to space from the 63 µm and 15µm bands333

respectively. QCHEM combines heat generated from exothermic reactions. κeddy is the heat334

conductivity due to eddy diffusion coefficient and κc is the molecular heat conductivity.335

There are multiple options for adding the EUV flux. One implementation is EU-336

VAC [Richards et al., 1994]. This model estimates the top of atmosphere flux in 37 wave-337

length bins based using the 10.7 cm solar radio flux. One issue with EUVAC is that it338

does not extend to long enough wavelengths to fully describe the CO2 physics. Photoab-339

sorption, photodissociation and photoionization cross-sections for these 37 bins can be340
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found in Schunk and Nagy [2004]. Another option is to use the Flare Irradiance Spectral341

Model (FISM) fluxes [Chamberlin et al., 2008] which GITM re-bins into 59 wavelengths342

from 0.1 nm to 175 nm. This option allows the user to input their own top of atmosphere343

fluxes or absorption/ionization cross-sections. Heays, A. N. et al. [2017] has compiled344

more than 100 different atoms and molecular photoabsorption, dissociation and ionization345

cross-sections in 0.1 nm spacing. This data is stored in the Leiden Observatory database346

(https://home.strw.leidenuniv.nl/˜ewine/photo/). The neutral gas heat-347

ing efficiency, the fraction of the total EUV energy absorbed into the atmosphere directly, is348

computed using a flat 1%.349

Due to the varying distance from the sun, the planets receive varying amounts of radi-350

ation. For Earth, the TIMED spacecraft’s Solar EUV Experiment (SEE) instrument [Woods351

et al., 2005] provides binned data for FISM. At Mars, the MAVEN satellite is able to monitor352

fluxes of several EUV wavelengths received at Mars [Eparvier et al., 2015], allowing for353

a Mars-specific FISM [Thiemann et al., 2017]. For V-GITM, the FISM values at Earth are354

used and then scaled according to the r−2 proportionality:355

Fvenus = Fearth(
dse
dsv

)2 (7)

where Fearth is the FISM EUV fluxes observed at Earth, dse is the distance between the sun356

and the Earth, dsv is the distance between the sun and Venus. With using FISM fluxes from a357

non-Venus planet, it is somewhat difficult to determine how useful the scaled measurements358

are. These measurements are only sufficient assuming that Venus and Earth are on the same359

side of the sun during the time of the FISM measurements. Since the results presented here360

do not involve comparisons for specific intervals, it is assumed that this approximation is361

reasonable.362

The source of near infrared heating is a complex process which involves solar radi-363

ation to be absorbed and excite a CO2 molecule. De-excitation and heat deposition occurs364

via quenching, direct thermalization or transfer to other particles. IR wavelength bands be-365

tween 2-4 µm. Gilli et al. [2017] created a parameterization based off of the non-LTE model366

heating rates produced from Roldán et al. [2000]. The parameterization was updated more367

recently in Gilli et al. [2021] to provide better agreement with the resulting PCM model’s368

temperature structure. V-GITM can be run using either of these two parameterizations, but369

lacks IR heating at and beyond the terminators for the Gilli parameterization. For this reason,370
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the IR heating within V-GITM utilizes a similar method to the EUV absorption given a CO2371

absorption cross-section, top of atmosphere intensity and wavelength energy. The intensity is372

then attenuated as a function of the optical depth, which is computed using the constituents373

of the atmosphere’s absorption coefficients and evaluating the Chapman integrals which374

help determine the optical path. Smith and Smith (1972) improved Chapman’s accuracy at375

large solar zenith angles which better captures the solar EUV and IR heating effects near the376

terminators.377

Although there are more processes than CO2 absorption, a first-principles based378

method would require a full radiative transfer code which V-GITM does not have due to the379

complexity and extra computational expense. V-GITM attempts to follow Gilli et al. [2021]’s380

process of matching heating rates to temperature measurements. Instead of via a parame-381

terization, CO2 absorption at 2.7 µm and 4.3 µm with cross-sections prescribed at 6.5e-24382

m2and 3.0e-25 m2 respectively. Top of atmosphere fluxes for the 2.7 and 4.3 µm were 1.25e-383

15 W/m2 and 4.9e-16 W/m2 respectively. Such small cross-sections deposit heat over a large384

altitude do6main which may not be representative of what is actually occurring and so an385

IR-specific heating efficiency is applied to reduce some of the heating in the non-LTE region.386

The heating efficiency shown in Figure 2 uses a flat 100% up to 135 km in which a cosine387

function is used to reduce the heating efficiency to 0% at 170 km. The cosine function used:388

ϵIR =


1.0 z ≤ z0,

1
2 (cos(ω(z − z0)) + 1) z > z0

(8)

where z is the local altitude, z0 is the altitude in which below 100% heating efficiency389

is applied (i.e. 135 km), and ω is the angular frequency to fit a half period between z0 and390

the top of the model. In this case, ω = π/(ztop − z0), where ztop is the top of model altitude.391

This is done because GITM’s absorption-only scheme produces non-trivial heating effects at392

altitudes above 140 km where quenching and other effects occur that, while occuring at these393

wavelengths, would not be accurately modeled through absorption coefficients. The heating394

efficiency from equation (8) helps remove the higher altitude heating that would otherwise395

make this inconsistent with other estimations of the near IR heating [Roldán et al., 2000,396

Gilli et al., 2017, 2021].397
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Figure 2. Infrared heating efficiency applied to direct absorption of 2.7 and 4.3 µm into CO2.398

The 15 µm cooling strongly controls the thermospheric structure at Venus [Bougher399

et al., 1994, 1999]. Atomic oxygen excites CO2 to enhanced vibrational and rotational states,400

which then radiates energy that is lost to space or is reabsorbed, depending on conditions.401

This process is responsible for the cold lower thermospheric temperature observed by satel-402

lite measurements [Schubert et al., 1980, Bougher et al., 1999, 2008]. To properly estimate403

the effects of the CO2 cooling, a full radiative transfer model is best, but this is not computa-404

tionally practical in 3D, so the cooling effects follow the M-PCM non-LTE paramaterization405

[González-Galindo et al., 2013]. The non-LTE parameterization simplifies the full problem406

into 5 rotational and vibrational levels, computes heat transfer between atmospheric lay-407

ers and allows for spatially variable atomic oxygen and CO2 densities. This code has been408

used in the M-PCM, V-PCM and M-GITM models [Bougher et al., 2017, González-Galindo409

et al., 2013, Gilli et al., 2017, 2021]. Due to the necessity of CO2 cooling in the LTE portion410

of the thermosphere and the non-LTE nature of this model, the lower thermosphere is cooled411

using a linear extrapolation from approximately 70-95 km. The effects of this assumption are412

discussed in subsequent studies.413

At the top of the model, the neutral temperatures has a zero gradient. The bottom414

boundary neutral temperature is fixed at 215 K motivated by Limaye et al. [2017]’s compiled415

datasets.416
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2.3 Ion Dynamics417

The ion continuity equation is:

∂Ni

∂t
+

vθ
r

∂Ni

∂θ
+

vϕ
r cos(θ)

∂Ni

∂ϕ
+ vr

∂Ni

∂r
= Si (9)

where Ni is the number density of the ith ion and Si is net rate at which the i ion is being418

produced or lost. The bottom boundary has zero gradient for all ions, but does not matter419

due to lack of substantial ion densities at that altitude. At the top, the ion densities follow an420

exponential fall off.421

The ion momentum equation in the Venus code is different than the equation found

in Ridley et al. [2006]. The first difference is the removal of Lorentz force term due to the

lack of planetary electromagnetic fields. The solver of the velocity is also changed due to the

inclusion of the time rate of change term. The base ion momentum equation is:

ρi
dv

dt
= −∇(Pi + Pe) + ρig − ρiνin(v − u) (10)

where the ∇(Pi + Pe) is the plasma pressure and v is the ion velocity. The velocity is solved422

for using an implicit time-stepping scheme, where the ion velocity on the right side of the423

equation is assumed to be the new velocity. The bottom boundary for the ion velocity is fixed424

at zero in the vertical direction. The top boundary has zero gradient for the horizontal drifts.425

One of the problems with ionospheric models that are limited in altitude is that they426

can not capture the combined vertical and horizontal ion transport that may occur above the427

top of the model domain. For example, at Earth, ions flow up on the dayside into the plas-428

masphere, and then down at the night, filling in the nightside ionosphere. At Venus, there429

is evidence of O+ transport at high altitudes from the dayside to the nightside during solar430

maximum to sustain the night-time ionosphere [Kliore et al., 1979, Knudsen, 1992]. Cur-431

rently, V-GITM does not advect O+ and so it is not expected that the nightside ionosphere432

will be highly accurate yet.433

During solar minimum, it is thought that the ionopause is compressed such that the434

ionosphere becomes too small to allow O+ transport to be the primary source of nightside435

ions, but rather that precipitating electron fluxes are sufficiently large to be a significant436

source of the ionization. Kliore et al. [1979] computed nightside electron densities from437

the precipitation of 30 eV, 75 eV, and 300 eV electrons based on information from Pioneer438

Venus measurements (figure 4 in their paper). Theis and Brace [1993] created an empirical439
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model that provides nightside electron density and electron temperature values also based440

on Pioneer Venus measurements, as shown in their Figure 3a. They showed the densities can441

vary by nearly an order of magnitude depending on the solar cycle. More work by Brecht442

and Ledvina [2021] showed a nightside electron density profile produced from a coupling443

of the VTGCM and HALFSHEL model which matches the results from Theis and Brace444

[1993]. No electron precipitation is included in V-GITM but it is something that could be445

implemented in future versions.446

2.4 Initial Conditions and Model Domain447

V-GITM follows the VTGCM model with an altitude range from 70 - 170 km. The448

smallest scale height, H is computed using the heaviest neutral species in the Venus atmo-449

sphere, CO2. With a scale height of approximately 5 km, V-GITM’s vertical grid is pre-450

scribed to be a uniform 1 km spacing. An adaptive time-step based on a CFL of 0.5 is used.451

The time-steps are typically 8-10 seconds for the 5◦× 2.5◦ (longitude × latitude) horizontal452

resolution used in this work.453

The neutral densities are initialized using the VTS3 model, while the ion densities are454

all set to 1e-24 m−3 initially. Neutral and ion velocities are initialized to zero with a bot-455

tom boundary condition used to simulate a superrotating flow found near the cloud tops as456

described in Figure 1.457

3 Simulation Results458

In this section, the initial results of V-GITM simulations are shown for a run during459

March 1st-10th, 2009 in which the F10.7 was around 70 Wm−2Hz−1. This time period460

and F10.7 is representative of solar minimum conditions. Temperatures and densities as461

functions of time are shown to understand the necessary run-time for the model to reach an462

approximate steady state. The thermal structure, neutral and ion composition, and winds at463

the end of the run are shown with some accompanying data-model comparisons in Figures464

3-17.465

Figure 3 shows temperatures and densities at 75 km and 165 km for noon, midnight,466

dawn and dusk terminators. The noon and midnight quantities converge within three days467

with the exception of the 0 LT mass density at 165 km. Although temperatures (3a) and den-468

sities (3b) at the terminators changed throughout the entire run at 165 km, the variations are469
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very small compared to the mean values which implies that steady state conditions have been470

achieved within V-GITM. It is important to point out that although steady state is reached471

within 5 days, this is only applicable for the current state of V-GITM. Dynamical and chem-472

ical time scales determe the time to steady state. These time scales vary with altitude and are473

important to consider below 100 km, especially as additional chemistry is added to the model474

[Brecht and Ledvina, 2021].475

Figure 3. The mass density and neutral temperature as indicated near the equator for different local times at

165 km (panel (a) and (b)) and 75 km (panel (c) and (d)).

476

477

3.1 Thermal Balance and Structure478

V-GITM’s equatorial temperature as a function of longitude and altitude after 10 days479

of simulation time is shown in Figure 4. The lower altitudes do not have large source terms480

and the temperature fall off between 70 km to roughly 90 km stems from residual radiative481

cooling. Temperatures begin to increase above 90 km due to a contribution of heating from482

the solar near-IR that is absorbed by CO2. On the dayside, the local temperature peaks at483

215 K around 100 km because of the 2.7 µm and 4.3 µm contribution to the near IR heating.484
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Above this local maxima, temperatures decrease briefly until 120 km where the solar near IR485

absorption peaks and the 15 µm CO2 cooling has a local minimum.486

On the nightside near 0 LT, temperatures decrease from 70 km until 110 km where487

there is a temperature valley. Above this is a very small peak of around 200 K around 120488

km. This temperature peak has significantly colder temperature, approximately 165 K, sur-489

rounding this location. The temperature island at midnight near 120 km is created due to fast490

winds converging on this location. These winds are generated by large pressure gradients491

stemming from the warm dayside. There is a warm temperature spot at 100 km as well, but a492

nighttime temperature peak is not observed because the wind pattern is significantly different493

from the wind pattern at 120 km. The causes of the different wind pattern is discussed more494

in section 3.3.1, but is primarily due to viscous interactions with the lower boundary that495

is significant up to 100 km, but is reduced by 120 km. As seen in Figure 4b, the horizontal496

winds are predominantly westward at 100 km which does not create compressional heating497

on the nightside.498

Figure 4. V-GITM temperature (left) and neutral winds (right) for a low solar activity simulation on March

10th, 2009 (F10.7 = 70) after simulating ten Earth days. Longitude-altitude cross-section taken at 1.0◦N.

499

500

Above 140 km on the dayside, temperatures increase to an isothermal profile around501

265 K. The heating is due to absorption of solar EUV in the form of direct heating and502

chemical heating. Between 140-170 km, the solar EUV is balanced by thermal conduction503

and CO2 cooling. As shown in Figures 4 and 5, the diurnal variation is largest in this region504
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with day-night differences of approximately 150 K. The temperature differences drive pres-505

sure gradients that create fast winds in the upper thermosphere as shown in Figure 4b and506

discussed in section 3.3.507

On the nightside, temperatures drop to 110 K at the top of the model because of the508

lack of heating sources, with the only source being from adiabatic heating at 200◦ and 260◦
509

longitude. As shown in Figure 5b, there is a ring where temperature increases due to the510

convergence of winds near midnight. This region is where the supersonic winds from the511

dayside to the nightside slow down to subsonic speeds. This behavior was shown in other512

modeling studies, such as Navarro et al. [2021]. This is discussed further in section 3.3.513

Observational data from ground-based measurements from HHSMT and JCMT, along514

with Venus Express’s VeRa data and empirical model results from VTS3 were compiled515

in Limaye et al. [2017]. Figure 6 shows a data-model comparison using the Limaye et al.516

[2017] data and V-GITM results (dashed black line) latitudinally binned from 30◦S to 30◦N517

and longitudinally binned based on local time (LT) between 7 LT and 17 LT.518

Between 120 km and 135 km, there are limited measurements of the dayside temper-519

ature. Interpolating data from HHSMT at 120 km and VTS3 results at 135 km, it appears520

that temperatures should be between 180-200 K. HIPWAC-THIS and VIRTIS-H have mea-521

sured this region with very large uncertainty bars. V-GITM’s solar EUV quickly falls off522

below 145 km leading to a valley of temperature at 135-140 km. More measurements are523

needed to understand the appropriate heating and cooling balance in this region. This could524

be that solar EUV in V-GITM is not depositing energy low enough, the 2.7 µm near IR is not525

contributing at high enough altitudes, or some combination of the two.526
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Figure 5. Temperature contours shown of constant altitude slices at (a) 100.5 km and (b) 160.5 km over-

layed with horizontal winds for the same time as in Figure 4. A reference vector wind speed is shown at noon,

near the equator, but maximum velocities are 137 m/s and 373 m/s for 100.5 km and 160.5 km, respectively.

527

528

529
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Figure 6. Dayside averaged temperature profiles from JCMT, HHSMT, VTS3, VeRa and V-GITM for the

low latitude bins between -30◦ and 30◦ for March 10th, 00 UT, 2009. One standard deviation are plotted as

colored areas for averaged profiles in the same bin.

530

531

532

The dayside heat balance described above is illustrated in Figure 7. The non-LTE 15533

µm CO2 cooling scheme is used between ∼100 km-170 km. One correction that V-GITM534

includes is a linear extrapolation of NLTE CO2 cooling value at 100 km value down to a535

desired 70 km cooling rate. This is due to a breakdown of the NLTE scheme which does not536

work effectively below 100 km. The extrapolation cooling scheme was chosen in an attempt537

to match the HHSMT, VeRa, and JCMT profiles.538

The near IR heating rate is a the sum of contributions from the transmission and direct539

absorption of the 2.7 µm and 4.3 µm spectra. The 1D profile shown in Figure 7 features540

heating throughout a similar vertical domain as the parameterization of Gilli et al. [2017],541

but with a dayside peak heating rate similar to Gilli et al. [2021].542
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Figure 7. Heating and cooling rates (K/day) by V-GITM at 12 LT and 1◦N for the same time as shown in

Figure 4.

543

544

3.2 Neutral Densities545

Resulting vertical profiles of V-GITM’s nine individual neutral species from the simu-546

lation described above are shown in Figure 8. Several densities and density peaks are shown547

in Table 5 comparing the V-GITM results to VTS-3, Venus Express, VTGCM or Fox and548

Sung [2001]’s model.549
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Measurable Quantity V-GITM Result Comparison Result Reference

z(nCO2= nO)
165 km at 12 LT

140 km at 0 LT

165 km at 12 LT

140 km at 0 LT
VTS-3

max(nO,12LT ) 6×1010 cm−3 - -

max(nO,0LT ) 7×1011 cm−3 2.5×1011 cm−3
Venus Express [Brecht

et al., 2012]

nN (140 km) 5.5×107 cm−3 3×107 cm−3 Fox and Sung [2001]

nN(2D)(140 km) 6.5×104 cm−3 2-3×105 cm−3 Fox and Sung [2001]

zmax(nNO) 95, 125 and 140 km 95 km Fox and Sung [2001]

max(nNO) 3.5×106 cm−3 2-3×108 cm−3 Fox and Sung [2001]

nCO(170 km) 1.5×108 cm−3 1.2×108 cm−3 VTS-3

nN2 (170 km) 1.4×108 cm−3 7.6×107 cm−3 VTS-3

Table 5. Notable density peak locations and number densities from V-GITM (see Figure 8) with a compari-

son against measurements or model-predicted results.

550

551
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Atomic O overtakes CO2 as the dominant species in the thermosphere at altitudes552

where molecular diffusion is stronger than eddy diffusion. Matching VTS-3, V-GITM553

showed this to occur on the dayside and nightside to occur near 165 km and 140 km, re-554

spectively. At midnight, V-GITM’s atomic oxygen peak value is 7×1011 cm−3 at 120 km555

whereas Venus Express measured a smaller value of roughly 2.5×1011 cm−3 nearer 100 km556

[Brecht et al., 2012]. The disparity between the nightside values at 100 km could be due to557

the westward winds at this altitude advecting oxygen to the nightside. The nightside O(1-∆)558

airglow that results from this simulated O-density peak could be a useful constraint on the559

thermospheric circulation [Brecht et al., 2011, 2012]. Although not done in this thesis, it560

is a topic of future work. Below 80 km, O has a rapid decreases in density due to the lower561

boundary condition. The lower thermosphere has not been reliably measured and so it is as-562

sumed that O will be completely depleted. Additionally, the dayside atomic oxygen density563

peak is smaller than the peak on the nightside. While it is unclear if this should be the case,564

having a dayside density to benchmark against is very important. Atomic oxygen is formed565

by CO2 photodissociation on the dayside and advected to the nightside. Additionally, 15 µm566

cooling is highly dependent on oxygen densities. For these reasons, accurately constraining567

the dayside oxygen profile is necessary to improve the heat balance and nightside densities,568

chemistry and nightglow.569

N and N(2D) are also affected by the lower boundary condition to deplete them. N570

peaks at 3 ×107 cm−3 near 140 km as computed in Fox and Sung [2001] which V-GITM571

matches reasonably well. Fox and Sung [2001] suggests that the N density may fall off to572

nearly zero below 115 km which V-GITM does not reproduce. V-GITM shows a secondary573

peak at 95 km because the only N loss term acting at this altitude is R11 which is acts very574

slowly. N(2D), on the other hand, should peak between 150 km with a magnitude around575

2-3×105 cm−3 from Fox’s model. V-GITM showed the peak to be roughly a third of their576

value.577

NO peaks near 95, 125 and 140 km in V-GITM. Fox and Sung [2001] shows that NO578

peaks near 95 km two orders of magnitude larger than that shown in V-GITM. Also pointed579

out in Fox and Sung [2001], NO below 120 km is created by N(2D) and CO2 producing NO580

and CO, balanced by a charge exchange between NO and O+
2 to create NO+. The N(2D)581

density below 140 km is very small and so NO is not significantly produced. As seen in582

section 3.5, V-GITM has nearly no O+
2 below 120 km preventing the charge exchange from583
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occurring. Further investigation in the chemical balance, particularly at lower altitudes, will584

be given to N, N(2D) and NO in future work.585

The CO and N2 densities at 70 km and 170 km match the order of magnitude of those586

predicted via VTS3. As pointed out in Mahieux et al. [2021], CO and N2 are chemically587

inactive, particularly at high altitudes in the atmosphere. Despite the mismatch in some of588

the individual profiles, the dayside total number density profile (Figure 9) has agreement589

throughout.590

Figure 8. V-GITM altitude profile of neutrals at (a) 12 LST and (b) 0 LST at 1◦N for March 10th 00:00:00

UT, 2009.

591

592
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Figure 9. Dayside averaged from 30◦S-30◦N and from 7-17 LST density profiles from VeRa, VTS3 and

V-GITM. One standard deviation for V-GITM densities is plotted as a colored area.

593

594

3.3 Bulk Neutral Winds and Momentum Sources595

The V-GITM winds are self-consistently computed at every time step. They are ini-596

tialized to zero except the bottom zonal superrotating boundary condition. The objective597

of solving for the winds explicitly is to better understand how the neutral winds in Venus’598

thermosphere drive atmospheric processes.599

As shown in Figure 10, the mesosphere and lower thermosphere have a retrograde602

superrotating zonal (RSZ) circulation pattern. At the top of the thermosphere, EUV depo-603

sition creates a large pressure gradient that drives the winds poleward on the dayside at mid604

latitudes and towards the nightside at low latitudes. These circulation patterns create a large605

altitudinal velocity shear at the morning terminator where the effects of viscosity are large.606

The vertical shearing makes it difficult to predict the wind pattern in the transition region607

between the cloud tops (RSZ flow) and the thermosphere/exosphere boundary (subsolar to608

antisolar flow). Wind measurements taken by the MESSENGER (only sampling up to 110609

km) spacecraft show that the westward maximum wind speeds range from 97-143 m/s [Per-610
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alta et al., 2017]. In the sampling range, the maximum occurred between 75-90 km. This611

may suggest a good constraint for the boundary conditions at 70 km. Simulations were per-612

formed with different lower boundary conditions on the zonal flow to understand the impact613

this may have.614

Figure 10. Depiction of the retrograde super rotating zonal (RSZ) circulation in the lower atmosphere of

Venus with the subsolar (SS) to antisolar (AS) flow at higher altitudes. Adapted from [Schubert et al., 2007]

600

601

Horizontal winds, vertical winds, and temperatures produced by V-GITM are shown in615

Figures 11 and 12 with different lower boundary condition on the zonal winds of 0 m/s, 50616

m/s and 100 m/s. Beginning at 90 km, the horizontal velocity almost identically matches the617

corresponding boundary condition due to the effects of viscosity from the lower layers. The618

vertical winds are less than 1 m/s.619

The simulated zonal winds at 105 km are a superposition of the day-to-night flow620

generated due to the large pressure gradient (from near IR at 105 km), which intensifies as621

the boundary condition zonal wind is increased. This is most apparent at the terminators,622

particularly at low latitudes. Meridional winds are orthogonal to the zonal winds and so they623

do not vary much for a specific zonal boundary condition.624
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Figure 11. Constant altitude slices of horizontal (arrows) and vertical (contours) winds at 90.5 km (first

row), 105.5 km (second row), 125.5 km (third row) and 160.5 km (final row). From left to right, columns

show lower boundary conditions of 0 m/s, -50 m/s and -100 m/s. Positive vertical wind values correspond

to upward motion. Note that the wind vector length scale changes in each plot, while the vertical wind color

scale does not.

625

626

627

628

629

At 125 km, velocities are noticeably different than the 105 km horizontal velocities.630

The 0 m/s boundary condition (see Figure 11g) has a SS-AS pattern which is also driven by631

the dayside temperature peak, except that the max velocities are much faster. Subplots (g)-(i)632

do not vary much and the velocities are all within ±20 m/s indicating that influence of RSZ633

is much less at this altitude and above. The non-zero boundary conditions runs at 160 km634

behave in a similar fashion despite the low difference in horizontal wind speeds.635

Figure 12 shows the nightside, 1◦N latitude cross-section of temperature for the 0636

m/s, -50 m/s and -100 m/s zonal boundary condition runs. With the 0 m/s run condition,637

the horizontal winds at high altitudes converge on the nightside producing a small amount638

of adiabatic heating as described above. The midnight convergence causes the midnight639

temperatures to be warmest for the -100 m/s RSZ case.640
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Figure 12. Equator slices of temperatures from 110-170 km on the nightside. From left to right, the lower

boundary condition is (a) 0 m/s, (b) -50 m/s or (c) -100 m/s.

641

642

Figure 13 shows the zonal accelerations for the -100 m/s run condition at different643

local times. A description of these momentum sources, although described in the vertical644

direction, are discussed in equations 2 and 3. For the specific horizontal momentum equa-645

tion, please refer to [Ridley et al., 2006]. As previously mentioned, the near IR and solar646

EUV create warm regions on the dayside. The solar flux is deposited over a large area so the647

pressure gradient term at noon is not particularly large. The largest temperature and pressure648

gradients occur at the terminators and are much stronger than any other acceleration term at649

these locations. Although included in the momentum equation, ion drag is a negligible forc-650

ing on the neutrals since there are no magnetic and electric fields to drive the ion motion. For651

this reason, after a short amount of time the neutrals drag on the ions which accelerates them652

to move in unison with one another leading to no expected ion drag. However, ion winds653

from the solar wind interaction may drag neutrals at higher altitudes [Brecht and Ledvina,654

2021].655
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Figure 13. Momentum sources at equator in the zonal (east/west) direction for the -100 m/s base case at

four different local times.

656

657

3.4 Shock-like Features within V-GITM658

A higher resolution simulation was performed matching the horizontal resolution in659

Navarro et al. [2021]. The standard resolution used up to this point and the Navarro resolu-660

tion runs are compared in Figure 14. Following some of the metrics in their work, V-GITM661

showed supersonic winds on the nightside and a ”hot ring” around midnight during two662

simulations with different horizontal resolutions. Mach numbers reach a value of 2 east663

of midnight. West of midnight, the mach number is also supersonic with a lower value of664

1.6. The lower resolution was performed at 5◦× 2◦ while the Navarro et al. [2021] is per-665

formed at 3.75◦× 1.875◦. Over a distance of roughly 500 km, the flow is slowed to subsonic666

speeds in both simulations. In addition to the supersonic speeds, the η indicator pointed667

out in [Navarro et al., 2021] [Zhu et al., 2013] [Fromang, Sébastien et al., 2016] provides668

a dimensionless quantity to assess the presence of a shock where the η is greater than 0.2.669

Equatorial values of η were computed at 130 km and 160 km, η remained below 0.2 across670
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all longitudes except around 200-210◦ and around 250-255◦. These longitudes are consistent671

with the crossings of supersonic to subsonic flows in Figure 14c and 14d. As mentioned in672

Navarro et al. [2021], an enhanced model is needed to accurately handle shock formation673

because fluid models, even if non-hydrostatic, do not resolve supersonic shock effects.674

Figure 14. The speed of sound (cs) and Mach number (Ma) and a dimensionless quantity (η) are shown at

130.5 km for two different horizontal resolutions. In (e) and (f), η describes flow divergence was computed at

all longitudes near the equator. A black, dashed line showing a threshold of 0.2 is plotted to help distinguish

shock locations.

675

676

677

678

3.5 Ionosphere679

V-GITM’s ionosphere is driven by the photochemistry described in Table 3 and cou-680

pled ion-neutral dynamics described above. In this section, individual ion density profiles681
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and bulk electron densities are shown in Figure 15. The dayside ionosphere is robust, with682

densities peaking at over 105 cm−3 which is consistent with Venus Express measurements683

taken during solar minimum [Hensley et al., 2020]. Near midnight, however, a more meager684

ionosphere exists with the main density being NO+ which peak values are greater than 101685

cm−3 at 170 km. On the nightside nearer either terminator, the electron density has a peak686

of 103 cm−3. The ion population at these locations consist of a relatively equal amount of687

NO+ and O+
2 . O+

2 is advected to the nightside, but not fully across the anti-solar point which688

explains the lack of O+
2 at midnight in Figure 15.689

Figure 15. Electron densities at the equator with altitude slices showing species-specific ion densities at

noon (left) and midnight (right).

690

691

Figure 16 provides a side-by-side comparison of the neutral and ion velocities at 140.5692

km. This location was selected due to O+
2 being the only species advected and 140 km is693

near the dayside density peak. The ions and neutrals have been shown to move in unison in694

the zonal and meridional directions. As seen in Figure 16b, the ion vertical velocities have a695
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large downflow on the nightside not seen in the neutrals. This location corresponds to a den-696

sity of O+
2 less than 102 cm−3 and is believed to not be physical nor a significant detraction697

from the other findings of this simulation.698

The midnight cross-section of the ion population (see Figure 15) shows only NO+ de-699

spite not being an advected ion. Given the neutral profiles shown in section 3.2, the primary700

reactions creating NO+ are R15 and R18. NO+ is lost through electron recombination. Bal-701

ancing the mass flow rate reaction rates showed that NO+ will stay roughly 50x larger than702

the corresponding O+
2 density. This relationship will hold until additional the NO+ reaction703

rate coefficient is re-examined or additional NO+ loss terms are added.704

Overall, the nighttime electron densities are between two to four orders of magnitude705

less than the simulated dayside. Taylor Jr. et al. [1980] has indicated the day-night difference706

should be one to three orders of magnitude smaller with the same composition. Cravens707

et al. [1982] concluded that the nightside ionosphere is highly variable. Occasionally it708

would be completely depleted ([e−] < 102 cm−3), most of the time it showed irregularities709

and sometimes it was smooth with maximums between 104 and 105 cm−3.710

Figure 16. Ion and neutral velocities at 140.5 km. Horizontal velocities for the (a) neutrals and (b) ions are

plotted as arrows with the corresponding vertical velocity plotted as a contour in the background. A contour

line of n
O+

2
= 102 cm−3 is plotted in (b).

711

712

713
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Figure 17. Electron density structure at the equator for 2.5 LT for the empirical model from [Theis and

Brace, 1993] and V-GITM.

714

715

Figure 17 shows a data-model comparison of the nightside electron density at 2.5 LT716

from Theis and Brace [1993] (in black) and V-GITM results (in blue). It is not expected to717

have the same electron densities between the lines due to the inherent difference in solar718

activity. Theis and Brace [1993] has shown that between F10.7 values of 120 Wm−2Hz−1
719

and 200 Wm−2Hz−1 that the electron density peak does not vary much near 140 km. Knud-720

sen [1987] points out that dayside electron densities may have an effects on the day-to-night721

flow of plasma.722

Spenner et al. [1981] and Kliore et al. [1991] also indicate that transport of O+ from723

the dayside is a source of night-time ionosphere, but V-GITM does not extend at high724

enough altitudes to properly attempt to capture this effect. The influence of a nightside725

upper boundary condition for O+ will be explored in future work to simulate this effect.726

Precipitation of solar wind light ions or electrons onto the nightside is the other mechanism727

that is often considered [Gringauz et al., 1979]. The lack of this process in the physics for728

V-GITM may explain why the observed peak is not matching, but is beyond the scope of this729

paper.730
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4 Summary and Conclusion731

This paper introduces the main features of a new Venus global circulation model732

of the ionosphere-thermosphere region. The new model, V-GITM, is based on the ter-733

restrial GITM model [Ridley et al., 2006] and Mars counterpart [Bougher et al., 2015].734

V-GITM utilizes Venus specific parameters and physical processes from several existing735

Venus codes, including the Venus Thermosphere General Circulation Model (VTGCM)736

and LMD-IPSL’s V-PCM. V-GITM self-consistently solves for the neutral densities, winds,737

and temperatures as well as the ion and electron densities, and the ion velocities while as-738

suming a partially dynamical ionosphere. Overall, this is the first Venus model to couple739

the ionosphere-thermosphere without assuming hydrostatic equilibrium and uses chemical740

heating to correctly approximate energy depositing from the solar EUV.741

Comparisons between the model results and a wide range of neutral and ion mea-742

surements across a variety of local times are shown. Dayside neutral temperature and bulk743

density structure of the upper atmosphere match reasonably well, although species-specific744

densities do not always match other models’ predictions. Neutral winds are shown including745

a variety of retrograde superrotating zonal flow speeds demonstrating the strong influence746

on neutral wind profiles up to 100 km, but having a relatively minor impact on wind speeds747

in the upper thermosphere and dayside temperatures. Finally, V-GITM explored the ion748

velocities and nighttime ionosphere that forms from only the advection of O+
2 .749

Introducing V-GITM, with all of its features, allows the Venus modeling community750

to perform more insightful model-model comparisons to determine the importance of a hy-751

drostatic solver, ion dynamics and exothermic heating. Further work is needed for all Venus752

models to improve upon inaccurate approximations or parameterizations of the physics753

implemented. Processes like eddy diffusion, 15 µm CO2 cooling and solar IR heating are754

complicated to correctly model alone are thus parameterized, which makes them highly755

uncertain. It is understood that each of these significantly affect Venus’ thermosphere and756

so future studies about quantifying the uncertainty of these terms is an important topic so757

that this model can be a useful tool for future Venus studies, particularly with the upcoming758

VERITAS and DAVINCI missions scheduled.759
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5 Open Research760

V-GITM is freely available through GitHub [Ridley et al., 2023]. Plotting routines and761

data within this work will be published on DeepBlue.762
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Häusler, B., M. Pätzold, G. Tyler, R. Simpson, M. Bird, V. Dehant, J.-P. Barriot, W. Eidel,904

R. Mattei, S. Remus, J. Selle, S. Tellmann, and T. Imamura (2006), Radio science inves-905

tigations by vera onboard the venus express spacecraft, Planetary and Space Science,906

54(13), 1315–1335, doi:https://doi.org/10.1016/j.pss.2006.04.032, the Planet Venus and907

the Venus Express Mission.908

Jain, S. K., S. W. Bougher, J. Deighan, N. M. Schneider, F. González Galindo, A. I. F. Stew-909
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Appendix A: Chemistry Reaction Rates1062

The reaction rate for some chemical equations from Table 3:1063

(R11) N(4S) +O → NO

1.9× 10−23

√
300

Tn
(1− 0.57√

Tn

)

(R21) N+
2 +O → NO+ +N(2D)

1.33× 10−16(300/Ti)
0.44

(R27) N+
2 + e → 2N(2D)

1.01× 10−13(300/Te)
0.39

–51–



Figure 1.





Figure 2.





Figure 3.





Figure 4.





Figure 5.





Figure 6.





Figure 7.





Figure 8.





Figure 9.





Figure 10.





Figure 11.





Figure 12.





Figure 13.





Figure 14.





Figure 15.





Figure 16.





Figure 17.




	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8
	Figure 9 legend
	Figure 9
	Figure 10 legend
	Figure 10
	Figure 11 legend
	Figure 11
	Figure 12 legend
	Figure 12
	Figure 13 legend
	Figure 13
	Figure 14 legend
	Figure 14
	Figure 15 legend
	Figure 15
	Figure 16 legend
	Figure 16
	Figure 17 legend
	Figure 17

