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Abstract

The chemical evolution of an exoplanetary Venus-like atmosphere is dependent upon the ultraviolet to near ultraviolet (FUV-

NUV) radiation ratio from the parent star, the balance between CO2 photolysis and recombination via reactions that depend on

the water abundance, and various catalytic chemical cycles. In this study, we use a three-dimensional (3-D) model to simulate

conditions for a Venus-like exoplanet orbiting the M-dwarf type star GJ436 by varying the star/planet distance and considering

the resultant effects on heating/cooling and dynamics. The simulation includes the middle and upper atmosphere (<40 mbar).

Overall, these model comparisons reveal that the impact of extreme ultraviolet to ultraviolet (EUV-UV) heating on the energy

balance shows both radiative and dynamical processes are responsible for driving significant variations in zonal winds and

global temperature profiles at < 10-5 mbar. More specifically, CO2 15-μm cooling balances EUV/UV and Near InfraRed (NIR)

heating at altitudes below 10-7 mbar pressure with a strong maximum balance for pressures at ˜10-5 mbar, thus explaining the

invariance of the temperature distribution at altitudes below 10-5 mbar pressure for all cases. Our model comparisons also show

that moderate changes in NIR heating result in relatively small changes in neutral temperature in the upper atmosphere, and

virtually no change in the middle atmosphere. However, with larger changes in the NIR heating profile, much greater changes

in neutral temperature occur in the entire upper and middle atmosphere studied.
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Key Points:  

1. A 3-D GCM simulates middle and upper atmospheric effects of energy balance and 

dynamics for a Venus-type exoplanet orbiting GJ 436. 

2. Increasing stellar EUV/UV fluxes for decreasing planet-star distances produce increasing 

zonal wind, thermospheric temperature, and conductive cooling.  

3. Energy balance sensitivity study shows that (a) a ±30% change in the NIR heating profile 

only incrementally changes the thermal structure above 10-5 mbar, and virtually no change 

below 10-5 mbar, and (b) doubling and quadrupling the NIR heating profile produces 

significant changes in dynamics and temperature throughout the range of atmospheric 

pressures considered. 

4. CO2 15-μm cooling is a strong thermostat regulating dayside temperatures due to cooling 

enhancement via collisions of O and CO2. 

 

 

Plain Language Summary 

 

Understanding the state and composition of an exoplanetary atmosphere depends upon several 

parameters such as heating, cooling, mixing and reactions between constituent chemical species. 

Only a few types of atmospheric species can be detected remotely via spectroscopy and only if 

their abundance is large enough to be detectable. In this initial study, we model the atmosphere of 

a Venus-like planet going around the M-type star GJ 436 to determine the global neutral 

temperature structure, winds, and energy balance as the radial distance of the planet from the star 

decreases. 
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Abstract 
 
 
 
The chemical evolution of an exoplanetary Venus-like atmosphere is dependent upon the 

ultraviolet to near ultraviolet (FUV-NUV) radiation ratio from the parent star, the balance between 

CO2 photolysis and recombination via reactions that depend on the water abundance, and various 

catalytic chemical cycles. In this study, we use a three-dimensional (3-D) model to 

simulate conditions for a Venus-like exoplanet orbiting the M-dwarf type star GJ436 by varying 

the star/planet distance and considering the resultant effects on heating/cooling and dynamics. The 

simulation includes the middle and upper atmosphere (<40 mbar). Overall, these model 

comparisons reveal that the impact of extreme ultraviolet to ultraviolet (EUV-UV) heating on the 

energy balance shows both radiative and dynamical processes are responsible for driving 

significant variations in zonal winds and global temperature profiles at < 10-5 mbar. More 

specifically, CO2 15-μm cooling balances EUV/UV and Near InfraRed (NIR) heating at altitudes 

below 10-7 mbar pressure with a strong maximum balance for pressures at ~10-5 mbar, thus 

explaining the invariance of the temperature distribution at altitudes below 10-5 mbar pressure for 

all cases. Our model comparisons also show that moderate changes in NIR heating result in 

relatively small changes in neutral temperature in the upper atmosphere, and virtually no change 

in the middle atmosphere. However, with larger changes in the NIR heating profile, much greater 

changes in neutral temperature occur in the entire upper and middle atmosphere studied.  

1. Introduction 

Atmospheric motions are an inescapable response to a planet’s various forces such as rotation, 

gravity, and differential stellar heating of the atmosphere. Dynamics constitutes the relationships 
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between the heating, forces, and winds that they drive. Dynamics can also affect a planet’s climate 

evolution and habitability. Winds which are variable in time transport heat, which in turn affects 

atmospheric chemistry. Movement of air carries condensable species responsible for clouds, such 

as water on Earth and Mars, ammonia on Jupiter, methane on Titan, or sulfuric acid on Venus. 

Dynamics also strongly affects the distribution of non-condensable trace gases. Generally, winds 

have a preferred direction that either persists seasonally or annually. Such average winds make up 

the general circulation of a planetary atmosphere. The role of atmospheric dynamics in the long-

term evolution of atmospheres and planetary habitability remains relatively unexplored. 

Interpretation of forthcoming terrestrial-like exoplanet observations and assessment of their 

implications for comparative planetary evolution requires understanding the chemical and physical 

processes operating in exoplanetary atmospheres.  

Venus observations and models are two important sources for relevant information when 

studying CO2 dominated exoplanetary atmospheres. The theoretical understanding of these worlds 

is critical for the operation of observatories such as the James Webb Space Telescope and the 

future large (> 30m) ground-based observatories that will have an objective to study the 

habitability of planets. First, because Venus-like planets may be targets of interest in themselves 

(Kane et al., 2014, 2018, 2019, 2021; Way et al., 2016, 2020), but overall because it is important 

to understand why Venus is so different from the Earth in terms of evolution. Hence, the objective 

of several JWST observations is to observe Venus-like atmospheres and understanding the stability 

of these atmospheres in the light of their host-stars is crucial. The thermal stability, partially driven 

by the wind patterns, is an also essential point to address. The observation of Venus-like exoplanets 

will also help better understand the history of the Earth, since the same processes that led to Venus’ 

atmosphere may have helped for the early habitability of the Earth (Turbet et al., 2021). 
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Several types of models have been used to study terrestrial-like exoplanets. 1-D photochemical 

(e.g., Harman et al., 2018) and radiative-convective (e.g., Robinson and Crisp, 2018; Lincowski et 

al., 2018; Meadows et al., 2018; Mickol et al., 2015; Robinson and Caitlin, 2012) models have 

been employed to simulate the global-average atmospheric composition and evolution of Venus-

like exoplanets, including the upper atmospheric conditions and composition that will dominate 

observed spectra. 3-D GCMs (e.g., Way & Del Genio, 2020) have been employed to simulate their 

bulk atmospheres.  

Previous work using 1-D photochemical models has been published looking at the impact of 

the planet-star distance for Venus-like and/or Earth-like atmospheric compositions (Arney et al. 

2017; Arney, 2019; Lincowski et al. 2018; Hu et al. 2020). 1-D photochemical models have been 

used frequently owing to the large potential parameter space (e.g., Gao et al., 2015; Segura et al., 

2005, 2007; Domagal-Goldman et al., 2014). While ideal for this purpose, these models have 

important inherent limitations. In particular, a global-/diurnal-average simulation is not the same 

as what one would get from averaging over the global state of an atmosphere (e.g., Mills et al, 

2021), it's not possible to simulate the terminator region that a transit observation would sense, and 

dynamical influences on species distributions are ignored. 1-D radiative convective simulations 

can parameterize the effects of condensable species and clouds but suffer the same spatial 

limitations as 1-D photochemical models. 3-D General Circulation Models (GCMs) have the 

ability to interpret and connect observations due to the multi-dimensions being represented.  

Exoplanet climate simulations have been done previously with the Laboratoire de 

Meterorologie Dynamique-generic (LMD-G) Global Climate Model (GCM; Wordsworth et al., 

2011) (e.g., Pidhorodetska et al., 2020; Fauchez et al., 2019; Turbet et al., 2018, Arney et al., 2016, 

2017). Details on the LMD-G GCM can be found in Turbet et al. (2018) and Fauchez et al. (2019). 
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Like most GCMs used in exoplanet atmospheric research, the LMD-G GCM does not include 

photochemistry (Pidhorodetska et al., 2020). To simulate atmospheric composition a 1-D 

photochemistry code is utilized to produce vertical chemical profiles separate from the LMD-G 

GCM. See details in Arney et al. (2016, 2017); Lincowski et al. (2018); Meadows et al. (2018), 

and review in Parkinson et al. 2021.  

 The 3-D Venus Thermospheric General Circulation Model (VTGCM) was designed for the 

study of Venus' middle and upper atmosphere (e.g., Parkinson et al., 2015a, b, 2021; Bougher et 

al., 2015; Brecht et al., 2011, 2021) and so is ideally suited for exploring the portion of an 

exoplanetary atmosphere typically probed by transmission spectroscopy. In this initial study, we 

use the well-tested and validated VTGCM to simulate middle and upper atmosphere conditions on 

a Venus-like planet at varying distances from the M-dwarf GJ 436 and compare the results with 

those previously published for Venus. We believe these are the first 3-D simulations with self-

consistent dynamics, energetics, and photochemistry focused on the observable middle and upper 

atmosphere of terrestrial exoplanets having thick CO2-dominated atmospheres (i.e., Venus-like 

exoplanets). Venus is a good proxy for an exoplanet study around M-dwarf stars since such 

exoplanets are likely tidally locked in their orbits and Venus has a very slow rotational period 

which approximates this well. 

 Several processes have been previously identified as important determinants of composition 

and chemistry in the observable upper atmosphere of an exoplanet: the ratio of FUV and NUV 

stellar radiation (e.g., Tian et al., 2014), total stellar FUV flux (e.g., Domagal-Goldman et al., 

2014), and alternative catalytic chemical cycles (e.g., Gao et al., 2015; Grenfell et al., 2013). We 

have incorporated these processes using the VTGCM to perform investigations using coupled 
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atmospheric energetics (heating/cooling), dynamics, and photochemistry (e.g., Parkinson et al., 

2017).  

 

1.1 The Influence of Stellar Characteristics  

 Multiple stellar characteristics can profoundly influence a planetary atmosphere. For instance, 

an effect of flares associated with the creation of Stellar Energetic Particle (SEP) events can last 

for days and can affect the chemistry of the mesosphere and thermosphere (Airapetian et al., 2016, 

2019; Hayworth et al. 2022). Flare events have not been studied for a dense CO2-dominated 

atmosphere, but a study of their impact on a Mars-like atmosphere (Pawlowski and Ridley, 2008, 

2009a, 2009b; Bougher et al., 2014) and an O2-rich atmosphere found they are likely to only have 

short-term effects (Segura et al. 2010). We assume that the M-dwarf of this study is quiet enough 

to neglect the effects of these particles and solar flare fluxes. Consequently, they have not been 

included in this study, which focuses on the long-term steady-state.  

 The FUV to NUV ratio and absolute intensity of FUV radiation may also have strong effects 

on an atmosphere, but previous simulations have yielded conflicting results. Tian et al. (2014) 

suggested that a high FUV to NUV ratio was responsible for the buildup of O2 because of 

decreased photolysis of O3, H2O2, and HO2 in their M-star case, but Harman et al. (2015) increased 

the FUV flux, while holding the NUV flux constant, and found that higher FUV fluxes increased 

O2 concentrations only slightly. Both note HO2 and H2O2 can be considered reservoirs for OH with 

the ultimate source being photolysis of H2O. Harman et al. (2015) showed water vapor photolysis 

slows by a factor of 400 in their GJ 876 case, which has smaller FUV flux compared to their solar 

case, while the size of the HO2 and H2O2 reservoirs are 2–3 orders of magnitude larger. However, 

neither appears to have analyzed the partitioning among HOx species to quantify dependences on 
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FUV and NUV fluxes. For example, it is not clear how important the O(1D) + H2O à 2OH reaction 

is in the Tian et al. (2014) or Harman et al. (2015) calculations. This reaction is particularly 

important in the Earth’s atmosphere with O(1D) produced by photolysis of O3.  

 Similar unresolved differences exist regarding the impact of total FUV flux on O2 and O3 

abundances. Domagal-Goldman et al. (2014) attributed the buildup of O3 in their F-star case to the 

larger FUV flux, but Harman et al. (2015) found substantially more O2 in their simulation of a 

planet around a K-star than for a planet subject to the higher FUV flux orbiting an F-star, the 

opposite dependence of that from Domagal-Goldman et al. (2014). Harman et al. (2015) had nearly 

the same FUV/NUV ratio for both the K- and F-star in their pair of simulations. A few works have 

been published after 2015 and seem to have largely resolved those issues. Particularly, Harman et 

al. (2018) and Hu et al. (2020). It is to be noted that the uncertainties in the O2 buildup not only 

reside in the chemistry but also in the boundary conditions: the interaction with a potential magma-

ocean, NO sinks (see Krissansen-Totton, et al., 2021 and references contained therein) have the 

potential to absorb the created oxygen, and conversely, atmospheric escape could lead to a large 

loss of O2 (Gronoff et al. 2020 and references contained therein).  

 In the case of the current study, we assume that the host M-dwarf is quiet enough to not 

photodissociate all the CO2 in the upper atmosphere through flares and particle precipitation; 

however, the stellar EUV-XUV flux is still considered. We will verify that, under these 

assumptions, enough CO2 is present in the thermosphere to cool it down for negligible (i.e., Venus-

like) atmospheric escape. 

 GJ 436 is an M2.5V star whose characteristics have been observed extensively, partly due to 

the discovery of GJ 436b, a Neptune-size planet orbiting it (e.g., Butler et al., 2004; von Braun et 

al., 2012). Its spectrum has been measured at UV (France et al., 2013) and Near InfraRed (NIR) 
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(Terrien et al., 2015) wavelengths and its FUV/NUV ratio is high compared to that of the Sun. The 

GJ 436 spectrum has been used in several previous exoplanet simulations (e.g., Segura et al., 2003; 

Gao et al., 2015, Harman et al., 2018). The actual exoplanet GJ 436b is thought to be in a state of 

hydrodynamic escape (Ehrenreich et al., 2015) since a large cloud of H2 has been observed in its 

vicinity. However, this is a Neptune-like planet, yet in the case of a Venus-like atmosphere, the 

depletion of H means that we can have a more stable atmosphere with higher-mass constituents. 

As we will see in the following, the cooling by CO2 prevents the atmosphere to be in a 

hydrodynamic-escape state. In 2012, although yet to be confirmed, NASA announced that 

astronomers had observed a second planet, GJ 436c (Sydney Morning Herald. Reuters. July 2012; 

Demory et al., 2009). It was measured to have a radius of around two thirds that of Earth (and 

Venus) and, assuming an Earth-like density of 5.5 g/cm3, was estimated to have a mass of 0.3 

times that of Earth and a surface gravity of around two thirds that of Earth. It orbits at 0.0185 AU 

from the star, every 1.3659 days.   

 

1.2 Heating, Cooling, and Dynamics  

 The ability of photochemical processes to influence broad regions of an atmosphere depends 

on transport, which is controlled by differential heating and cooling in the atmosphere. On present 

day Venus (and ancient Mars), the dayside heat budget is (was) dominated by a balance of EUV 

heating and CO2 15-μm cooling above the near IR heating layer (e.g., Bougher et al. 1999, 2002; 

Valeille et al. 2009; 2010; Parkinson et al., 2021). For present day Mars and Earth, CO2 15-μm 

cooling plays a different, but still important role in the heat budget (e.g., Bougher et al., 2002). 

Photolysis of CO2 and O2 generates a large quantity of atomic O, and subsequent O-CO2 collisions 

pump up the first CO2 vibrational level, thereby enhancing CO2 cooling where the timescale for 
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collisional de-excitation exceeds the timescale for the emission of a 15-μm photon (e.g., Bougher 

et al., 1999, 2017c; Parkinson et al., 2021). Spectra of GJ 436 (cf., Figure 1) from the Hubble Space 

Telescope (HST) Measurements of the Ultraviolet Spectral Characteristics of Low-mass 

Exoplanetary Systems (MUSCLES) Treasury Survey indicate reduced stellar fluxes (with respect 

to our Sun) in the spectral region where atmospheric CO2, H2O2, O2, and O3 photolysis occurs 

(Tian et al., 2014; Gao et al., 2015). H2O, O2, and CO2 photolysis is driven by FUV photons 

whereas H2O2, HO2, and O3 photolysis is driven by NUV photons. The relative flux distributions 

as a function of spectral type described by Pickles (1998) show greatly reduced stellar fluxes for 

both K and M stars and increased stellar flux for F type stars (as compared to G type stars like the 

Sun). This should mean less atomic O production, leading to reduced CO2 cooling and warmer 

upper atmosphere temperatures (above any near IR heating layer) for Venus-like planets around 

K and M class stars, despite their smaller fluxes. We discuss an exo-Venus preliminary modeling 

simulation result below in section 3, where we examine the impact of EUV-UV and NIR heating 

on the energy balance and dynamics for a CO2 dominated exoplanetary atmosphere. 

2. Numerical Modeling Tool: VTGCM 

The VTGCM is a 3-D finite difference hydrodynamic model of Venus’ upper atmosphere 

developed from NCAR’s terrestrial Thermospheric Ionospheric GCM (TIGCM) (e.g., Bougher et 

al., 1988). The VTGCM solves the time-dependent primitive equations for the neutral upper 

atmosphere. Additionally, the prognostic equations (thermodynamic, eastward and northward 

momentum, composition) are typically solved for steady-state solutions for the temperature, zonal 

and meridional velocity, and the mass mixing ratios of specified major and minor species (e.g., 

Brecht et al., 2011, 2021; Bougher et al., 2015). This model has been documented in detail as 

revisions and improvements have been made over more than three decades including modern 
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parameterizations for CO2 15-μm cooling, near IR heating, wave drag, and eddy diffusion enabling 

the VTGCM to reproduce many Pioneer Venus and Venus Express (VEx) observations, including 

seasonal effects and nightglow intensities (e.g., Bougher et al., 1988, 1990, 1997, 1999, 2002, 

2015; Bougher and Borucki, 1994; Brecht and Bougher, 2012; Brecht et al., 2011a, b, 2012, 2021; 

Gilli et al., 2015).  These previous VTGCM modeling efforts for Venus’ upper atmosphere (e.g., 

Parkinson et al., 2021; Bougher et al., 2015; Brecht et al., 2011b; 2012a; Brecht and Ledvina 2020; 

Brecht and Bougher, 2012b) are directly relevant to analogous exoplanet research performed in 

this paper. 

The VTGCM model domain covers a 5° by 5° latitude-longitude grid, with 69 evenly spaced 

log-pressure levels in the vertical, extending from ~70 to 300 km (~70 to 200 km) at local noon 

(midnight). This middle and upper atmosphere domain corresponds to pressures below ~40 mbar. 

The adopted altitude/pressure range ensures that all the dynamical influences contributing to the 

NO, O2, and OH nightglow layers can be captured, and the wave processes above the cloud top 

region can be addressed. Furthermore, the VTGCM can capture the full range of EUV-FUV flux 

conditions (~1-250 nm) and has been extended to incorporate EUV/FUV/NUV flux conditions for 

other star types (e.g., Parkinson et al., 2017). Finally, observational comparisons show the 

VTGCM closely matches Venus’ climatological circulation, so we use the present VTGCM 

dynamical scheme for the 3-D energy balance studies in this paper. 

VTGCM groups neutral species into three categories. Major species (CO2, CO, O, N2) 

influence the atmospheric mean mass, temperature, and global-scale winds; minor species (O2, 

N(4S), N(2D), NO, SO, SO2) which are computed but passive; and 1-D JPL/Caltech KINETICS 

profiles of specific chemical trace species (e.g., Cl, Cl2, ClCO, ClO, H2, HCl, HO2, O3, OH) from 
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an altitude of ~70 to 110 km (Zhang et al., 2012). See Parkinson et al (2021b) for further details 

of photochemistry. 

Output from the FMS Venus GCM (Lee and Richardson, 2010, 2011) is used to define a lower 

boundary that is a good representation of the connection between the lower and upper atmospheres 

(Brecht et al., 2021).  

 The VTGCM is used in this study to conduct preliminary exoplanet simulations for conditions 

around the M dwarf star GJ 436 at various star-exoplanet distances (cf. Table 1). The self-

consistent thermal, dynamical, and chemical equations have been solved to yield steady state 

solutions.  

 

3. VTGCM Simulations: Energy Balance Results and Discussion 

3.1 Impact of EUV-UV heating on Energy Balance 
 
Figure 1 shows a comparison between the solar spectrum (WMO 1985), and a spectrum of the M 

dwarf GJ 436 from the MUSCLES HST Treasury survey, binned to the JPL/Caltech KINETICS 

grid.  In this figure, the GJ 436 flux is scaled so its total flux equals the total solar flux at 1 AU, 

∼1360 Wm−2. The wavelengths at which photolysis of CO2, O2, O3, and H2O2 is most efficient are 

added for comparison (Tian et al., 2014).  Recent observations of several planet-hosting M-dwarfs 

show that most have FUV/NUV flux ratios 1000 times greater than that of the Sun (Tian et al., 

2014), and so the relative photolysis rates of the key species (e.g., CO2 and O2) will differ between 

the two cases. We regard the spectrum of all stellar types to be fixed and do not consider variable 

spectra in our study.   
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The M dwarf GJ 436 stellar EUV/FUV fluxes were utilized in conjunction with various star-

exoplanet distances for a suite of preliminary/prototype Venus-like exoplanet simulations (see 

Table 1). The resulting exoplanet geopotential heights, neutral temperatures, heat balances, and 

cross-terminator zonal winds for the various cases considered thus far are shown in Figures 2, 3, 

5, and 6, respectively. Panel (a) in all these figures correspond to VEN1, our baseline Venus case. 

For all panels (b) – (d), only the planet-star distance is changed as indicated in Table 1 (VEN2 – 

VEN4 using GJ 436 stellar fluxes, respectively) with no other changes. The VTGCM baseline case 

run is for solar minimum conditions corresponding to recent Venus Express (VEx) observations 

(Bougher et al., 2015) with upgraded Ox, SOx, HOx chemistry (Mills et al., 2021). These multi-

panel figures vividly show the initial comparison of a Venus-like exoplanet versus modern Venus 

for various planet-star distances from the parent star. 

 Figure 2 shows that the geopotential height in panels (b) and (c) have some dayside upper 

atmospheric differences but generally do not vary much from the Venus baseline case shown in 

panel (a). However, for the closest planet-star distance to GJ 436 (panel (d)) we clearly see a 

maximum dayside geopotential height of 550 km as compared to a nightside geopotential height 

of ~220 km. This means that the atmosphere is inflating or bulging due to intense EUV-UV heating 

on the dayside. Global average heights at a given pressure level are shown on the right-hand side 

of each plot.  

 It is seen in Figure 3 that the VTGCM simulations have much faster winds for all cases on the 

evening terminator (ET) than on the morning terminator (MT), located at 18h and 6h respectively. 

The maximum MT and ET wind speed are tabulated in Table 2, and we see that the wind speed 

more than doubled for our VEN4 case and is remarkably fast at the ET. This can be understood by 

examining Figure 4 which shows the Venus upper atmosphere mean circulation paradigm adopted 
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from Schubert et al. (2007). Previous observations show that Venus’ upper atmosphere has two 

dominating circulation flow patterns (e.g., Bougher et al., 1997, 2006; Lellouch et al., 1997; 

Schubert et al., 2007; Brecht et al., 2021).  The flow known as the retrograde superrotating zonal 

flow (RSZ), occurs in the region between the surface of the planet to the top of the cloud deck at 

∼70 km. This region is dominated by a wind pattern flowing in the direction of the planets spin 

and is faster than Venus’ rotation. The second flow pattern occurs above ∼120 km and is a 

relatively stable mean subsolar‐to‐antisolar flow (SS‐AS) (Bougher et al., 1997). In the upper 

atmosphere, Venus has inhomogeneous heating driven mainly by solar radiation (EUV, UV, and 

IR) thus providing large pressure gradients to generate the dominant SS‐AS flow pattern 

(Dickinson and Ridley, 1977; Schubert et al., 1980; Bougher et al., 1997). The transition region is 

defined as the altitude range of 70–120 km where the RSZ and SS-AS circulation patterns overlap 

and are presumed superimposed. This means both flows can be dominant in this altitude region 

and observations suggest a high degree of variability of these wind components in the transition 

region (Brecht et al., 2011b, 2021). 

 The net effect of this general flow pattern paradigm in the upper atmosphere causes (1) a 

shift in the divergence of the flow from the subsolar point toward the ET, (2) stronger ET winds 

than those along the MT, and (3) a shift in the convergence of the flow away from midnight and 

toward the MT (Schubert et al., 2007).  This general flow pattern also applies to our exo-Venus 

case as shown in Figure 3. It is easy to see that the situation varies with altitude, reflecting the 

changing importance of underlying drivers and possible solar cycle variations.  

A comparison of the Venus baseline case (VEN1) and that for GJ 436 fluxes at 0.72 AU 

(VEN2) shows that: (a) dayside upper thermosphere temperatures (<10-7 mbar) (Figure 5(a) vs 

5(b)) are up to ~30K cooler for VEN2, and (b) nightside temperatures are similar. The latter 



 16 

indicates the nightside is isolated from the dayside. This isolation is characteristic of a planet with 

efficient energy loss mechanisms in the upper atmosphere that is rotating sufficiently slowly for it 

to be close to being tidally locked. Corresponding comparisons among the Venus baseline case 

(VEN1) and those for GJ 436 fluxes at ~0.38 AU (VEN3) and ~0.175 AU (VEN4) importantly 

show that: (a) dayside upper thermosphere temperatures (Figure 5(c) vs 5(d)) respectively warm 

by ~25K and 345K over the Venus baseline case, and (b) nightside temperatures are much the 

same (isolated from the dayside) and shows that nightside energy is provided by atmospheric 

circulation rather than radiation. The VEN3 case at the Mercury planet-star distance with the GJ 

436 fluxes yields Venus-like current temperatures (i.e., for solar minimum conditions). For all 

cases thus far, the simulated temperatures are much the same for pressures > 10-5 mbar (where 

near IR heating dominates and cooling occurs predominantly via CO2 15-μm emission). To 

understand this, we must examine the energy balance for each case. Comparing Figures 3 and 5, 

we note that at/above about 130 km the slower wind speeds at the MT correlate with a steeper 

temperature gradient at the MT, contrary to the faster wind speeds and less steep temperature 

gradient at the ET for all cases VEN1 – VEN4.  

 In Figure 6, we see that EUV/UV heating and conductive cooling are the dominant 

heating/cooling terms for pressures < 10-7 mbar for all cases, roughly balancing each other, and 

the near IR (NIR) heating is constant for each case. We remark that all cases considered for the 

Venus baseline case (VEN1) were for solar minimum conditions. If we had considered conditions 

for solar maximum, such as was the case for Pioneer Venus Orbiter (PVO), NIR heating would 

have been the same as shown but the EUV/UV heating would be about double in panel (a). The 

bump in conductive cooling at ln(dP0/dP) = 0 is positive causing dT/dz to reverse sign and push 

heat upward instead of downward causing the upper atmosphere to heat up more for larger values. 
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This is where the CO2 15-μm band becomes opaque so it can't radiatively cool and where 

convection becomes important for vertical energy transport. Positive dT/dz means heat is 

conducted downward (cooling), negative implies heat is conducted upward (heating), and localized 

heating where dT/dz goes to zero. CO2 15-μm cooling balances EUV/UV and NIR heating for 

pressures > 10-7 mbar with maximum cooling that completely balances the EUV/UV and NIR 

heating at pressures ~10-5 mbar, thus explaining the invariant temperature distribution at pressures 

of 10-5 to 10-3 mbar for all cases. These dayside temperatures (Texo ~ 270 K) would be much 

warmer than predicted here if the CO2 cooling was not enhanced by collisions of O and CO2.  In 

short, the enhanced non-LTE CO2 15-μm cooling provides a strong thermostat that helps to 

regulate dayside temperatures for pressures of 10-7 to 10-2 mbar (e.g., Bougher et al., 2002) for the 

cases shown thus far. 

3.2 Impact of NIR heating on Energy Balance  
 

The NIR flux should scale with 1/R2 just like the UV flux, and Figure 7 illustrates how we 

parameterize this in our model.  Illustrated in this figure are the various NIR heating profiles used 

for the VTGCM GJ 436 Venus (d = 0.175 AU) NIR heating sensitivity study, obtained by 

multiplying the standard reference Venus NIR profile at 0.72 AU by various multiplicative factors. 

The larger the multiplicative factor, the greater the corresponding increase in the NIR heating, 

parameterizing a range of decreasing Planet-Star distances.  Fujii et al. (2017) suggest that the 

stratospheric dynamical response to increased stellar radiation is similar for stars of different 

spectral type, but for a warmer star the onset of strong upward motion occurs at a much larger 

incident flux because less of the instellation is in the NIR where the radiation is more efficiently 

absorbed by water vapor and clouds. However, a higher temperature star (if it’s emitting like a 

blackbody) will have smaller fraction of flux in the NIR but the absolute flux will be larger because 
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a warmer blackbody has higher absolute emission at all wavelengths. Shown here are the standard 

reference NIR and 0.7´, 1.3´, 2.0´, and 4.0´ the standard reference NIR heating profiles. Figure 

8 shows the energy balance for the latter four cases of the NIR sensitivity study for VEN4 in panels 

(a), (b), (c), and (d), respectively. Kelvin (K)/day units are used throughout both figures. As before 

(cf., Figure 6), we see that EUV/UV heating and are conductive cooling the dominant 

heating/cooling terms for pressures < 10-7 mbar for all cases. The second thing to note in this figure 

is that moderately large changes of ±30% in the NIR heating profiles corresponding to panels (a) 

and (b) do not seem to cause much change in the CO2 15-μm cooling profile, although a minor 

decrease/increase is seen at 10-4 mbars for each case compared to Figure 6, panel (d). However, 

when the NIR heating profile is doubled and quadrupled, the CO2 15-μm cooling progressively 

compensates, attempting to maintain the energy balance, as seen in panel (d) where the NIR 

heating profile maximum matches that of the EUV/UV heating higher in the atmosphere. So, it is 

seen that the enhanced non-LTE CO2 15-μm cooling still provides an effective thermostat which 

helps to regulate dayside temperatures for pressures of 10-7 to 10-2 mbar with increasingly very 

large changes in the NIR heating profile. 

One might ask the following: (a) what is the impact on the energy balance of increasing the 

NIR heating profile as shown in Figure 8, that is to say, just how effective is the enhanced non-

LTE CO2 15-μm cooling, and (b) how much does altering the energy balance by dumping this 

extra NIR energy throughout the pressure range shown affect key atmospheric parameters for a 

close-in CO2 dominated atmosphere orbiting an M-dwarf star? Figures 9, 10 and 11 show how 

changes to the NIR heating/energy balance affect the geopotential height, zonal wind, and 

temperature results, respectively.  In each of these figures, panels (a), (b), (c), and (d) show the 



 19 

resultant VEN4 plots with 0.7´, 1.3´, 2.0´, and 4.0´ the standard reference NIR heating, 

respectively.  

Figure 9 shows that the dayside local noon geopotential height maximum progressively bulges 

with increasing NIR heating, ballooning from ~300 ± 20 km for the VEN1, VEN2, and VEN3 

cases (cf., Table 2) out to 630 km for the VEN4 1.0´ case and 760 km for the VEN4 4.0´ case (cf., 

Table 4). Typical nightside local midnight geopotential height maximums are ~210 km for the 

VEN1, VEN2, and VEN3 cases, yielding an dayside noon to nightside midnight elongation ratio 

of ~3:2. Correspondingly, from Figure 9 it is seen that the nightside local midnight geopotential 

height maximum is ~220 km and ~250 km for the VEN4 2.0´ case and the VEN4 4.0´ case, 

respectively, giving a remarkable approximate dayside noon to nightside midnight elongation ratio 

of ~3:1 for these cases.  

Figure 10 represents the mean zonal wind plots to test the impact of the NIR heating sensitivity 

study. As was evident in Figure 3, the VTGCM simulations have much faster winds for all cases 

on the evening terminator (ET) than on the morning terminator (MT), located at 18h and 6h 

respectively. The maximum MT and ET wind speed are tabulated in Table 3, and we see that both 

the MT and ET wind speeds increased by ~45% for our VEN4 4.0´ case over the VEN4 1.0´ case 

and is remarkably fast at the ET at 650 m/s. The effect of quadrupling the NIR heating profile 

compared to doubling, Figure 7, shows the maximum wind speed increases are much greater for 

this case than those for changes occurring due to successive changes from 1.3x and 2.0x the 

standard reference NIR profile. The progressive increase of the top of the nightside midnight 

geopotential height and the dramatic increase in and distribution of the MT and ET zonal winds 

shown in Figures 9 and 10, panels (a) – (d) is further proof that nightside energy is provided by 

atmospheric circulation rather than radiation. 
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From Figure 11, our best estimate thus far is that 0.7´ NIR cools and 1.3´ NIR warms dayside 

temperatures near the relative pressure given by ln(P0/P (left axis of the plots in the figure) of -6.0 

to -5.0 by about ±10K. Previously shown in Figure 6 in the relative pressure region at altitudes 

below ln(P0/P) = -10, there was little or no change in the temperature structure, and comparing 

Figures 6 panel (d) and 11 panels (a) and (b), we see that this corresponds to a temperature of 

~160K for 0.7´, 1.0´, and 1.3´ NIR, respectively. However, we see in Figure 11 panel (d) for this 

region that there is a net difference in temperature of about 80K over the value of 160K to about 

240K for the VEN4 4´ NIR case.  

Most of the action is higher up in the lower thermosphere and upper mesosphere as expected. 

For the region where ln(P0/P) ≥ 0, changes ±30% (cf., Figure 11, panels (a) and (b)) in the NIR 

heating, nightside peak temperatures don’t show much change and the dayside peak 

temperatures warm (cool) by about only +15K (-15K) over the standard reference NIR heating 

profile case shown in Figure 6 panel (d). Thus, from our simulations we see these moderate 

changes in the NIR heating do not result in large changes in temperature over the standard 

reference NIR heating case. However, doubling and quadrupling the NIR heating profile produces 

significant changes in the entire temperature structure of the upper and middle atmosphere. 

Nightside peak temperatures increase by as much as 30K and the dayside peak temperatures warm 

by a dramatic 50K and 130K for the doubled and quadrupled NIR heating profiles over the standard 

reference NIR heating profile case shown in Figure 6 panel (d). At the ln(P0/P) = 3-5 level (just 

above the dT/dz inflection point) we have a doubling of absolute temperature between panels (b) 

and (d) in this region. It is to be noted that even an exospheric temperature in excess of 500K, 

slightly less than twice the Venusian one, means that the Lambda parameter (Gronoff et al., 2020) 

of atmospheric escape is about 11. This implies that we are far from hydrodynamic escape (it 
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would require values below 2.5) and assures a low atmospheric escape rate under quiet stellar 

conditions.  

Table 3 summarizes some key results of the sensitivity of changes in the NIR heating profile 

on the energy balance discussed above for our close-in CO2 dominated exoplanetary atmosphere 

orbiting the M-dwarf star, GJ 436. Remarkably, we see that even in the extreme cases shown, the 

enhanced non-LTE CO2 15-μm cooling still provides a strong thermostat that helps to regulate 

dayside temperatures for pressures of 10-7 to 10-2 mbar. 

 

4. Conclusions 

 

These are the first 3-D simulations with self-consistent dynamics, energetics, and 

photochemistry focused on the observable upper atmosphere of Venus-like exoplanets. We have 

modified the VTGCM to include Venus-like exoplanet conditions by: (a) extending the stellar 

EUV-FUV-NUV flux bins to 250 nm, and (b) applying the planet-star scaling to all stellar fluxes 

(EUV/FUV/NUV). We also utilize validated radiative heating and cooling schemes to generate 

GCM thermal diagnostics. We have compared GCM thermal balances for an M-dwarf star type 

(i.e., terms will include stellar EUV-FUV-NUV heating, CO2 15-μm (thermal infrared) cooling, 

molecular thermal conduction, impacts of both horizontal and vertical winds) to quantify how the 

dayside heat budget changes with star type (our Sun and GJ 436) and planet-star distance.  

Our calculations show that with decreasing planet-star distance from GJ 436, the dayside 

temperatures progressively increase, and morning and evening terminator winds become stronger. 

Moderate changes in NIR heating do not impact the energy balance but very large changes in NIR 

heating do, altering the geopotential height, zonal wind speed, and temperature structure of the 
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middle and upper atmosphere significantly. Most importantly, while temperatures are increasing 

with increasing EUV-UV and NIR heating, non-LTE CO2 15-μm cooling provides a strong 

thermostat that helps to regulate dayside temperatures for all cases. These dayside temperatures 

would be much warmer than predicted here if the CO2 cooling were not enhanced by collisions of 

O and CO2.  Interestingly, nightside temperatures remain relatively constant for all cases where 

the NIR heating is kept constant but has a little variability in response to changes in the NIR heating 

profile (especially in the upper atmosphere).  

This study shows that Venus-like planets are likely to be more stable against atmospheric 

escape than Earth-like planets, since the EUV-XUV fluxes have lower influence on their, very 

low, exospheric temperatures. The CO2 thermostat regulates temperatures so that 

atmospheric escape is less likely, and a CO2 dominated atmosphere on exoplanets around M-dwarf 

stars could be preferred and possibly detectable. While this does not prevent atmospheric escape 

through non-thermal processes, which will require further studies, it supports the opinion that we 

are more likely to find Venus-like exoplanets around M-dwarfs (Kane et al., 2021) (i.e., CO2 

atmospheres). JWST is slated to specifically look for such CO2 terrestrial like planets and it is 

therefore to be expected that it will detect such atmospheres. Future research will include 

photochemical studies of key species of astrobiological interest (viz., CO2, CO, CH4, H2O, H2, O2, 

O3, NH3, H2O2, and H2C2) that combined with these results, could assist in providing very good 

ways of indicating the existence of such Venus-like atmospheres in the targets of future high-

resolution telescopes.  

Temperatures affect the photodissociation cross-sections, particularly the long wavelength 

dependence of the cross section. Extending the VTGCM solar flux out to 400 nm will be examined 

as a part of future work and is particularly important for CO2 since otherwise, one would miss the 
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high temperature hot bands for wavelengths greater than 250 nm. This points to the importance of 

proper temperatures for photochemical calculations that have temperature dependent reaction rates 

to calculate volume mixing ratios of key species of astrobiological significance. 

This paper focuses on the energy balance, temperature structure, and dynamics of an exo-

Venus a parallel paper is to follow regarding photochemistry and airglow. 
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Case Stellar Flux Planet-Star distance (AU) Comments 
VEN1 Sun (smin) 0.72 Venus Baseline 
VEN2 Scaled GJ 436  0.72  Fluxes change only 
VEN3 Scaled GJ 436  0.38  Fluxes + Star-Planet distance  
VEN4 Scaled GJ 436  0.175  Fluxes + Star-Planet distance  

Table 1: Various Test Simulations 
 

Case Max Geopotential 
Height Near 

Equator 

Dayside Texo 
Noon near 
Equator 

Max MT vs ET 
Winds near Equator 

 

Max Dayside CO2 15-μm 
Cooling and EUV/UV/IR 

Heat Balance† 
VEN1 320 km 246 K -150/+275 m/s 3000	K/day 
VEN2 280 km 210 K -125/+250 m/s 2500	K/day 
VEN3 320 km 270 K -150/+275 m/s 3000	K/day 
VEN4 630 km 620 K -350/+450 m/s 12,000	K/day 

Table 2: Various parameters from Figures 2, 3, 5, 6. †All days are terrestrial days. 
 

Case NIR 
Multiplicative 

Factor 

Max Geopotential 
Height Near 

Equator 

Dayside Texo 
Noon near 
Equator 

Max MT vs 
ET Winds 

near Equator 
 

Max Dayside CO2 15-
μm Cooling and 

EUV/UV/IR Heat 
Balance† 

VEN4 0.7 620 km 610 K -300/+400 m/s ~11,000	K/day 
VEN4 1.3 640 km 640 K -350/+450 m/s ~12,000	K/day 
VEN4 2.0 680 km 670 K -400/+500 m/s ~12,500	K/day 
VEN4 4.0 760 km 750 K -500/+650 m/s ~15,000	K/day 

Table 3: Near Infrared sensitivity study: Various parameters from Figures 8-11. †All days are terrestrial days. 
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Figure 1: The spectra of the Sun (WMO 1985; red) and GJ 436 photon flux, integrated photon 
flux, and energy flux (from the MUSCLES HST Treasury survey, binned to the JPL/Caltech 
KINETICS grid) and scaled such that the total flux of each is identical to the total flux received at 
1 AU (~1360 Wm-2) (Gao et al., 2015; Tian et al., 2014). The wavelengths at which photolysis of 
CO2, O2, O3, and H2O2 is most efficient are added for comparison (Tian et al., 2014).  GJ 436 is 
brighter in the IR and contributes to normalization to the total flux of 1360 Wm-2. 
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Figure 2: Geopotential Height. Panel (a) represents present Venus VTGCM base case for solar 
minimum conditions (validated against Venus Express observations); panel (b) VTGCM GJ 436 
Venus at d = 0.72 AU (present Venus orbital distance); panel (c) VTGCM GJ 436 Venus at d = 
0.387 AU (present Mercury orbital distance); panel (d) VTGCM GJ 436 Venus at d = 0.175 AU. 
All panels are at 2.5°N latitude (equatorial).  
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Figure 3: u(z) Zonal Wind. Panel (a) represents present Venus VTGCM base case for solar 
minimum conditions (validated against Venus Express observations); panel (b) VTGCM GJ 436 
Venus at d = 0.72 AU (present Venus orbital distance); panel (c) VTGCM GJ 436 Venus at d = 
0.387 AU (present Mercury orbital distance); panel (d) VTGCM GJ 436 Venus at d = 0.175 AU. 
All panels are at 2.5°N latitude (equatorial). m.s-1 units are used throughout. 
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Figure 4: Simple Venus upper atmosphere circulation paradigm. Here, MT = morning terminator; 
ET = evening terminator; SS-AS = stable subsolar to antisolar circulation cell driven by NIR and 
EUV heating; RSZ = retrograde superrotating zonal flow that seems to vary greatly over time; and 
He = helium tracer bulge. Adopted from Schubert et al. (2007). 
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Figure 5: Neutral Temperature for all cases. Panel (a) represents present Venus VTGCM base case 
for solar minimum conditions (validated against Venus Express observations); panel (b) VTGCM 
GJ 436 Venus at d = 0.72 AU (present Venus orbital distance); panel (c) VTGCM GJ 436 Venus 
at d = 0.387 AU (present Mercury orbital distance); panel (d) VTGCM GJ 436 Venus at d = 0.175 
AU. All panels are at 2.5°N latitude (equatorial). Kelvin (K) units are used throughout. 
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Figure 6. Energy balance analysis with Venus NIR heating constant for all cases. Panel (a) 
represents Venus VTGCM base case for solar minimum conditions (validated against Venus 
Express observations); panel (b) VTGCM GJ 436 Venus at d = 0.72 AU (Venus orbital distance); 
panel (c) VTGCM GJ 436 Venus at d = 0.387 AU (Mercury orbital distance); panel (d) VTGCM 
GJ 436 Venus at d = 0.175 AU. All panels are at 2.5°N latitude, local time noon, and for pressures 
ranging from ~50-10-12 mbar. Kelvin (K) /day units are used throughout.  
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Figure 7. Changes to the standard reference NIR (std. ref. NIR) heating profile for the energy 
balance sensitivity study. Shown are 0.7´ std. ref. NIR (red dashed), standard reference NIR (gold 
solid), 1.3´ std. ref. NIR (green dot dashed), 2.0´ std. ref. NIR (blue dotted), 4.0´ std. ref. NIR 
(purple solid with dots) heating profiles. Kelvin (K)/day units are used for pressures ranging from 
~50-10-12 mbar. 
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Figure 8. Energy balance sensitivity study analysis by varying the std. ref. NIR heating. 
Comparison is for the VEN4 case (VTGCM GJ 436 Venus at d = 0.175 AU). Panels (a) through 
(d) respectively show the resultant VEN4 energy balance plots for the 0.7´ std. ref. NIR, 1.3´ std. 
ref., 2.0´ std. ref. NIR, 4.0´ std. ref. NIR heating profiles shown in Figure 6. All panels are at 
2.5°N latitude (equatorial) and Kelvin per day (K/day) units are used throughout. All panels are 
for pressures ranging from ~50-10-12 mbar. 
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Figure 9. Geopotential Height results for the energy balance sensitivity study. Comparison for the 
VEN4 case (VTGCM GJ 436 Venus at d = 0.175 AU). Panels (a) through (d) respectively show 
the resultant VEN4 geopotential plots for the 0.7´ std. ref. NIR, 1.3´ std. ref., 2.0´ std. ref. NIR, 
4.0´ std. ref. NIR heating profiles shown in Figure 6. All panels are at 2.5°N latitude (equatorial) 
and for pressures ranging from ~50-10-12 mbar. 
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Figure 10. u(z) Zonal Wind results for the energy balance sensitivity study. Comparison for the 
VEN4 case (VTGCM GJ 436 Venus at d = 0.175 AU). Panels (a) through (d) respectively show 
the resultant VEN4 u(z) zonal wind plots for the 0.7´ std. ref. NIR, 1.3´ std. ref., 2.0´ std. ref. 
NIR, 4.0´ std. ref. NIR heating profiles shown in Figure 6. All panels are at 2.5°N latitude 
(equatorial) and m/s units are used throughout. All panels are for pressures ranging from ~50-10-

12 mbar. 
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Figure 11. Neutral Temperature results for the energy balance sensitivity study. Comparison for 
the VEN4 case (VTGCM GJ 436 Venus at d = 0.175 AU). Panels (a) through (d) respectively 
show the resultant VEN4 temperature plots for the 0.7´ std. ref. NIR, 1.3´ std. ref., 2.0´ std. ref. 
NIR, 4.0´ std. ref. NIR heating profiles shown in Figure 6. All panels are at 2.5°N latitude 
(equatorial) and Kelvin (K) units are used throughout. All panels are for pressures ranging from 
~50-10-12 mbar.  
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