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Abstract8

The observed composition of a planetary atmosphere is the product of planetary formation and9

evolution, including the chemical and physical processes shaping atmospheric abundances into10

the present day. In our solar system, the gas giant planets Jupiter, Saturn, Uranus, and Neptune11

possess massive molecular envelopes consisting mostly of H2 and He along with various minor12

amounts of heavy elements such as C, N, and O (present as CH4, NH3, and H2O, respectively)13

and numerous additional minor species. The terrestrial planets Venus, Earth, and Mars each14

possess a relatively thin atmospheric envelope surrounding a rocky surface. The atmospheres15

of Mars and Venus are characterized by abundant CO2 with a small amount of N2, whereas16

the atmosphere of the Earth is dominated by N2 and O2. Such differences provide clues to the17

divergent pathways of atmospheric evolution.18

Numerous closely coupled physical and chemical processes give rise to the abundances19

observed in the planetary atmospheres of our solar system. These processes include the main-20

tenance of thermochemical equilibrium, reaction kinetics, atmospheric transport, photochem-21

istry, condensation (including cloud formation) and vaporization, deposition and sublimation,22

diurnal and seasonal effects, greenhouse effects, surface-atmosphere reactions, volcanic activ-23

ity, and (in the case of Earth) biogenic and anthropogenic sources. Our present understanding24

of the chemical composition of planetary atmospheres is the result of over a century of obser-25

vations, including ground-based, space-based, and in-situ measurements of the major, minor,26

trace, and isotopic species found on each planet. These observations have been accompanied27

by experimental studies of planetary materials and the development of theoretical models to28

identify the key processes shaping atmospheric abundances observed today.29

Keywords: planetary atmosphere; ground-based; space observation; terrestrial planets; giant planets;30

chemical composition; troposphere; stratosphere; sources and sinks31
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1 Observations of planetary atmospheres before the era of spacecraft exploration32

Our understanding of the composition and chemical processes of planetary atmospheres has par-33

alleled the development of planetary science as a modern field of study. The earliest efforts at34

characterizing planetary environments were based upon a combination of descriptive telescopic35

observations (including those of Robert Hooke and Giovanni Cassini in the 1660s) accompanied36

by experiences of our own terrestrial atmosphere. By the late 18th century, the existence of atmo-37

spheres on other planets was demonstrated by Mikhail Lomonosov and Thorbern Bergman during38

the 1761 transit of Venus (e.g., see Marov 2004). Improving telescopic observations provided ev-39

idence of atmospheric processes akin to those on the Earth, such as found in William Herschel’s40

description of seasonal cycles in the polar regions of Mars (e.g., Herschel 1784).41

A number of key developments in chemical spectroscopy (e.g., see Thomas 1991) in the 19th42

century provided the methods first employed toward the detection and quantification of chemical43

species in planetary atmospheres. By 1814, Joseph von Fraunhofer had invented the modern ver-44

sion of the spectroscope, which was soon put to use to explore absorption features in light from the45

Sun and bright stars. Early spectroscopic observations of the planets were described by William46

Huggins and Angelo Secchi in the 1860s and 1870s, based upon visual observations of major47

spectral features at visible wavelengths (e.g., Huggins 1867; Dunham 1949) and by the 1870s the48

ongoing development of astro-photographic techniques led to the first spectrographs capable of49

recording planetary reflection spectra (e.g., Draper 1877, 1879; Huggins 1876). Meanwhile, the50

study of atomic and molecular spectroscopy had also continued to advance, led by the pioneering51

work of Kirchoff and Bunsen (Kirchhoff 1860; Kirchhoff & Bunsen 1860) on visible and ultravi-52

olet spectra, followed by the development of infrared spectroscopy. By the early 20th century, the53

characteristic absorption features of numerous molecules had been measured, paving the way for54

their chemical identification and quantification in the spectra of planetary atmospheres.55

A snapshot of our understanding of planetary atmospheres by the mid-20th century was sum-56

marized in The Atmospheres of the Earth and Planets, a collection papers edited by Gerard Kuiper57

(Kuiper 1952). Although ground-based observations of the planets are hampered by telluric ab-58

sorption features (mitigated by using spectral features Doppler-shifted by relative planetary mo-59

tions, or by comparison against solar or lunar spectra; e.g., see Slipher 1904), by the mid-20th60

century the bulk composition of each planetary atmosphere had been approximated from spec-61

troscopic observations along with measurements of other properties, such as planetary density.62

Moreover, measurements of atmospheric scale heights from stellar occultation observations (e.g.,63

Fabry 1929; Baum & Code 1953) provided information about the mean molecular weight of plane-64

tary atmospheres, yielding additional constraints on chemical composition. At the dawn of the era65

of spacecraft exploration (marked by the 1962 flyby of Venus by Mariner 2, and in the outer solar66

system by the 1973 flyby of Jupiter by Pioneer 10), ground-based observations had been used to67
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detect atmospheric species on Venus (CO2), Mars (CO2, H2O), Jupiter (H2, CH4, NH3), Saturn68

(H2, CH4), Uranus (H2, CH4), and Neptune (H2, CH4). In addition to these discoveries, numer-69

ous species continued to be found and analyzed in the terrestrial atmosphere by various methods,70

including chemical analysis, infrared spectroscopy, mass spectroscopy, and gas chromatography.71

The advent of the space age was revolutionary for our modern understanding of planetary72

atmospheres, providing closer and clearer planetary views via flybys or orbiters and (in some73

cases) in-situ measurements (often via gas chromatography and/or mass spectrometry) from lan-74

ders, rovers, and atmospheric entry probes. This spacecraft exploration has been accompanied by75

ongoing improvements in ground-based observational data, a growing suite of instrumental meth-76

ods, the increasing availability of experimental results that describe the properties and behavior77

of planetary materials, and the continuing development of our theoretical understanding of key78

chemical processes shaping the composition of the atmospheres in our solar system.79

2 The diversity of atmospheres in the solar system80

A diverse range of planetary and satellite atmospheres can be found across the solar system, from81

tenuous atmospheres of “airless” worlds to the massive fluid envelopes of the gas giants. For82

example, the tenuous atmospheres of satellites and planets such as the Moon and Mercury behave83

as surface-bound exospheres with typical surface pressures of ∼ 10−14 bar (Moon) up to ∼ 10−12
84

bar (Mercury), consisting of H, He, O, Ne, and Ar and metal atoms (such as Na, K, Ca, and85

Mg) supplied by the solar wind, micrometeorite bombardment, impact vaporization, and surface86

sputtering (e.g., Potter & Morgan 1985, 1986; Killen & Ip 1999; Killen et al. 2007; Wurz et al.87

2007; Domingue et al. 2007; Vervack et al. 2010; Merkel et al. 2017). Jupiter’s moon Io has an88

SO2-rich atmosphere supplied by volcanism and sublimation, with surface pressures up to ∼ 10−7
89

bar (McGrath et al. 2004; Lellouch 2005). The atmospheres of Pluto and Neptune’s moon Triton90

have surface pressures of ∼10−6 bar and consist of N2 with minor amounts of CH4 and CO,91

subject to vapour pressure equilibrium and seasonal exchange with surface ices (e.g., Yelle &92

McGrath 1996; Elliot et al. 1998; Yelle & Elliot 1997; Summers et al. 1997; Spencer et al. 1997;93

Lellouch et al. 2010; Zalucha & Cook 2019). Other icy satellites in the outer solar system have94

tenuous atmospheres (e.g., Europa, Ganymede, Callisto, Enceladus, Rhea, Dione) supplied by95

surface sputtering, the sublimation of surface ices, or plumes. In contrast, Saturn’s moon Titan has96

a substantial N2-rich atmosphere with CH4 and other hydrocarbons that may produce hazes and/or97

condense as liquids at the surface conditions of 94 K and 1.5 bar (see review in Hörst 2017). The98

terrestrial planets Venus, Earth, and Mars have significant, long-lived atmospheres surrounding99

rocky surfaces. The atmospheres of Venus and Mars are characterized by abundant CO2 whereas100

the atmosphere of Earth is dominated by N2 and O2. The giant planets Jupiter, Saturn, Uranus, and101

Neptune possess massive, hydrogen-rich atmospheric envelopes, with minor amounts of heavy102
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elements (i.e., heavier than He) such as C, N, and O, present respectively as CH4, NH3, and H2O,103

along with numerous additional species.104

The range of planetary and satellite atmospheres observed in the solar system is a natural105

consequence of divergent formation and evolutionary scenarios. For example, the hydrogen-rich106

envelopes of the giant planets (Jupiter, Saturn, Uranus, Neptune) suggest that their atmospheres107

were mostly captured from the protoplanetary disk during their initial formation, while there was108

still enough H and He gas in the disk available for significant accretion (e.g., see Lissauer 1993;109

Lunine et al. 2004; Taylor et al. 2004; Chambers 2014). Given their resemblance to a “protosolar-110

composition” gas, these atmospheres have traditionally been labeled primary atmospheres. For the111

smaller terrestrial planets (Venus, Earth, Mars), the relative lack of H and He and very low noble112

gas abundances suggest that atmospheric volatiles initially accreted or captured during planetary113

formation have been lost to escape. These so-called secondary atmospheres appear to be the result114

of impact accretion and outgassing (primarily via volcanic activity) of volatile-rich material (e.g.,115

see reviews in Atreya et al. 1989) and numerous other sources and sinks operating over long116

timescales. The present-day atmospheres thus represent a record of the major processes that have117

shaped planetary formation and evolution throughout the history of the solar system.118

This review summarizes the atmospheric chemistry and composition of solar system planets119

that have significant atmospheres, considering first the terrestrial planets Venus, Earth, Mars, fol-120

lowed by the gas giant planets Jupiter, Saturn, Uranus, and Neptune. For each of these planets,121

measurements of the atmospheric abundances are provided, along with a brief discussion of the122

key chemical processes that shape atmospheric composition.123

3 The physical properties of planetary atmospheres124

The structure of a planetary atmosphere (including, for example, the temperature, pressure, or125

molecular number density as a function of altitude) defines the conditions for atmospheric chem-126

istry, and is likewise shaped by atmospheric composition and chemical processes. It is thus useful127

to consider the relevant physical parameters (see properties listed in Table 1) and structural rela-128

tionships (e.g., Chamberlain & Hunten 1989; Frederick 2008) that provide the context for chemical129

processes in planetary atmospheres.130
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Table 1: Physical Properties of Planetary Atmospheres

Parameter Venus Earth Mars Jupiter Saturn Uranus Neptune
semi-major axis (AU) 0.723 ≡1.000 1.523 5.205 9.582 19.201 30.047
solar constant (W/m2) 2602.0 1361.1 586.5 50.2 14.8 3.7 1.5
equilibrium temperature (K) 227 254 210 110 81 58 47
surface/reference temperature (K) 740 288 214 165.0 134.8 76.4 71.5
surface/reference pressure (bar) 95.6 1.013 0.00636 ≡1.0 ≡1.0 ≡1.0 ≡1.0
surface/reference gravity (m/s2) 8.87 9.798 3.71 24.79 10.44 8.87 11.15
mean molecular mass (amu) 43.45 28.97 43.34 2.30 2.34 2.63 2.72
atmospheric scale height (km) 15.9 8.4 10.8 24.1 47.3 27.7 20.0
dry adiabatic lapse rate (K/km) 7.8 9.8 5.0 2.2 1.0 1.1 1.4
tropopause temperature (K) 214 216 140 104 85 54 52
tropopause pressure (mbar) 200 220 0.01 140 80 100 200

Mean molecular mass information calculated from atmospheric abundances; outer planet tropopause info from Cham-

berlain & Hunten (1989); Venus tropopause info from Limaye et al. (2018). The equilibrium temperature is a

blackbody approximation that parameterises thermal balance with the solar energy absorbed by the planet; the sur-

face/reference temperature also includes contributions from a greenhouse effect and/or a heat flux from the planetary

interior.

132

For terrestrial planets, the surface pressure provides a measure of the total mass of the overlying133

atmosphere:134

P =
mag

A
= σag, (1)

where P is the pressure (Pa), g is the surface gravity (m s−2), A is the surface area of the planet (m2),135

ma is the total mass (kg), and σa is the column mass (kg m−2) of the atmosphere. In general, all136

planetary atmospheres may be assumed to be in hydrostatic equilibrium. The decrease in pressure137

with altitude (as the mass of the overlying atmosphere decreases) can thus be expressed by138

dP =−ρgdz, (2)

where P is the pressure (Pa), ρ is the density (kg m−3), g is the gravity (m s−1), and z is the altitude139

(m). Assuming molar quantities (e.g., n = 1 and V = Vm) in the ideal gas law (PV = nRT ), the140

atmospheric density is defined by141

ρ =
µ

V
=

µP
RT

, (3)

where µ is the mean molecular weight (kg mol−1), V is volume (m−3), P is the pressure (Pa), R is142

the gas constant (8.314 J K−1 mol−1), and T is the temperature (K). Substitution of the ideal gas143
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law into the hydrostatic equation yields144

dP =− µg
RT

Pdz. (4)

Integrating from some reference pressure P◦ at altitude z = 0 to some pressure P at altitude z gives145

an expression that describes the variation of pressure as a function of altitude:146

P = P◦e−z/H , (5)

where H is the atmospheric scale height defined by147

H =
RT
µg

, (6)

describing the altitude over which there is a 1/e decrease in the atmospheric pressure and density.148

Comparative atmospheric scale heights are provided in Table 1. Variations in pressure and density149

with altitude thus depend upon the gravity, the mean molecular weight of atmospheric species,150

and the atmospheric temperature gradient. The change in temperature as a function of altitude is151

known as the lapse rate (Γ, K m−1 or more commonly K km−1):152

Γ =−dT
dz

. (7)

A dry adiabatic lapse rate (i.e., the scenario where no condensation is occurring) can be approxi-153

mated from combining a form of the first law of thermodynamics (CpdT = V dP) with the hydro-154

static and density expressions above (dP =−ρgdz and ρ = µ/V ) to give155

CpdT =−V ρgdz =−µgdz (8)

where Cp is the average molar heat capacity of the atmospheric gas (J K−1 mol−1) based upon its156

chemical composition. Combining this expression with the hydrostatic relation in equation (4) and157

integrating from P◦→ P, and T◦→ T , the profile of an adiabatic troposphere is thus given by158

P = P◦ (T/T◦)
Cp/R , (9)

where P◦ and T◦ refer to some reference point in the atmosphere (e.g., 288 K and 1 bar on Earth).159

Taken together, equations (1)-(9) demonstrate the importance of the closely coupled relationships160

between pressure and density, thermal structure, planetary gravity, and chemical composition.161

The abundances of individual atmospheric gases are typically reported as a mole fraction or162

volume mixing ratio, defined as the ratio of the partial pressure of some gas i (Pi) relative to the163

total atmospheric pressure (P). Depending upon relative abundance, this value may be reported as164
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Figure 1: Atmospheric profiles for Venus, Earth, Mars from 0-100 km altitude (note different
scales for temperature and pressure). Sources: U.S. Standard Atmosphere (NOAA/NASA/USAF
1976); Venus International Reference Atmosphere (VIRA; Seiff et al. 1985); Mars lander/rover
entry data (e.g., Holstein-Rathlou et al. 2016; Schofield et al. 1997; Seiff & Kirk 1977)

percent (%), parts per million (ppm), parts per billion (ppb), or parts per trillion (ppt). The partial165

pressure can also be used with the ideal gas law (ni = PiV/RT ) to determine the molar (e.g., mol166

cm−3) or molecular (e.g., molecules cm−3) number density of each atmospheric constituent.167

4 Terrestrial planet atmospheres168

The atmospheres of the terrestrial planets (Venus, Earth, and Mars) are relatively thin layers of169

gas surrounding rocky planetary surfaces. For example, over 99% of the mass of the Earth’s170

atmosphere resides below an altitude of 40 km, compared to a mean planetary radius of 6371 km.171

The atmospheric profiles of Venus, Earth, and Mars to an altitude of 100 km are shown in Figure172

1. These profiles are derived from the Venus International Reference Atmosphere (VIRA; Seiff173

et al. 1985) based upon the Pioneer Venus orbiter and atmospheric probes and the Venera 10, 12,174

and 13 descent craft for Venus; the U.S. Standard Atmosphere for the Earth (NOAA/NASA/USAF175

1976); and atmospheric entry data derived from the Mars Science Laboratory (Holstein-Rathlou176

et al. 2016), Mars Pathfinder (Schofield et al. 1997), and the Viking landers Seiff & Kirk (1977)177

for Mars.178

The atmospheric mass ratios and abundances of selected volatiles on the terrestrial planets (ex-179

pressed as gram per gram of object) are summarized in Figure 2. The terrestrial planet atmospheres180

observed today appear to be secondary atmospheres mainly produced by the release of volatiles181

during impact accretion and subsequent out-gassing via volcanic activity. However, numerous182
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Figure 2: After Pepin (1991, 2006) and Pollack & Black (1982) using CI chondrite abundances
from Lodders (2020) with the CI chondrite 40Ar/36Ar abundance ratio estimated from Mazor et al.
(1970). Planetary atmosphere (g/g) abundances calculated from Tables 2-4 using isotope ratios
from Pollack & Black (1982) along with measurements summarized in Fegley (2014) for Venus
and reported by Mahaffy et al. (2013) for Mars. The abundance of atmospheric carbon as CO2 is
10−10 g/g for the Earth whereas, the total carbon inventory in the Earth’s lithosphere (indicated in
grey) corresponds to ∼ 10−5 g/g.

source and sink processes have shaped terrestrial atmospheric compositions throughout the history183

of the solar system, including capture from the protoplanetary disk, impact accretion, volcanic out-184

gassing, impact erosion, stripping from the solar wind, atmospheric escape, surface-atmospheric185

interactions, exchange with interior reservoirs, metamorphism, weathering, and biological activity.186

The relative lack of any remnant primordial atmosphere is implied by the behavior of the abun-187

dant light gases H2 and He and the very low atmospheric concentrations of the nonradiogenic188

noble gases (cf. Trieloff 2017). For example, H2 and He are expected to comprise a significant189

component of any atmosphere initially captured from the protoplanetary disk, but these light gases190

are readily lost from the low-gravity environments of the terrestrial planets. However, the produc-191

tion of a secondary atmosphere is not simply the loss of some initial H2 and He inventory, as the192

heavier (and thus less subject to thermal escape) noble gases Ne, Ar, Kr, and Xe are also present193

at abundances much lower than expected for a primordial (or protosolar-composition) atmosphere.194

The presence of a secondary atmosphere is further supported by the relatively high abundance of195

radiogenic or “outgassed” noble gas isotopes such as 40Ar, produced from the radioactive decay of196

accreted 40K. Modern studies have continued to explore how these volatile element and isotopic197

abundance patterns provide clues about the origin and evolution of terrestrial planet atmospheres198

(e.g., see Atreya et al. 1989; Pepin 1991; Marty 2012; Halliday 2013; Avice & Marty 2020; Lam-199
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mer et al. 2021, and references therein)200

4.1 Venus201

The atmosphere of Venus is notable for its high surface temperature and pressure (740 K and 95.6202

bar at the modal radius of 6051.4 km), and consists of 96.5% CO2 with 3.5% N2 along with smaller203

amounts of SO2, H2O, CO, OCS, the noble gases, and other reactive species. The composition of204

the lower atmosphere of Venus is summarized in Table 2.205

Table 2: Composition of the lower atmosphere of Venus

Gas Abundance Source Sink

CO2 96.5% volcanic outgassing; carbonates photochemistry;
N2 3.5% volcanic outgassing NOx formation by lightning
SO†

2 150 ppm volcanic outgassing; S oxidation H2SO4 clouds; sulfates, sulfides
36Ar 31 ppm volcanic outgassing; primordial none
40Ar 30 ppm volcanic outgassing; 40K decay none
H2O† 30 ppm volcanic outgassing H escape; oxidation of Fe+2

CO† 17 ppm CO2 photolysis photooxidation; OCS formation
He 9 ppm volcanic outgassing escape
Ne 7 ppm volcanic outgassing; primordial none
OCS† 4.4 ppm volcanic outgassing; CO sulfurization conversion to SO2; S-bearing minerals
H2S† 3 ppm volcanic outgassing conversion to SO2; S-bearing minerals
HCl 0.4 ppm volcanic outgassing Cl-bearing mineral formation
SO† 20 ppb photolysis of SO2 photolysis; oxidation
S†

1−8 20 ppb polysulfur cycle; surface reactions conversion to SO2

Kr ∼25 ppba volcanic outgassing; primordial none
H2SO†

4 4-10 ppm oxidation of S-bearing gases cloud formation; dehydration to SO3

Xe ∼7 ppba volcanic outgassing; primordial none
HF 5 ppb volcanic outgassing F-bearing mineral formation

Table adapted after abundances and sources/sinks compiled in Lodders & Fegley (1998) and Fegley (2014); cf. von

Zahn et al. (1983); Moroz & Zasova (1997); Bézard & de Bergh (2007); Zolotov (2019); Vandaele (2020). aModel-

dependent estimate; †Abundances are altitude-dependent and the abundance measurement at the lowest available

altitude is listed here; see von Zahn et al. (1983); Fegley (2014); Marcq et al. (2018); Vandaele (2020) for details.

206

In the 1930s, the spectroscopic detection of large quantities of carbon dioxide in Venus’ at-207

mosphere (Adams & Dunham 1932; Adel & Slipher 1934) led Ruper Wildt to predict surface208

temperatures higher than the boiling point of water (Wildt 1940). This prediction was later con-209

firmed by ground-based and Mariner 2 microwave observations of Venus’ thermal emission (Lilley210

1961; Barath et al. 1964). The high surface temperatures are maintained by an intense greenhouse211
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effect. A bright and thick global layer of sulfuric acid clouds (measured by the Pioneer Venus212

large probe to be distributed between altitudes of 48-65 km) absorbs and reflects incident sunlight213

so effectively that the average incoming visible flux reaching the surface is significantly lower than214

that for the Earth: less than 4% of the incident shortwave flux at the top of the Venus’ atmosphere215

is absorbed at Venus’ surface (e.g., see Read et al. 2016). However, infrared emission from the216

surface and the sub-cloud atmosphere is very effectively absorbed by abundant CO2 (∼92 bar)217

along with SO2 and other greenhouse gases.218

In general, the observed chemical composition of Venus’ atmosphere is a reflection of volcanic219

outgassing, high surface and crustal temperatures, and surface-atmosphere interactions. From a220

chemical standpoint it is convenient to divide the atmosphere into the region above the clouds,221

where UV-driven photochemistry dominates, and the sub-cloud region, where thermochemistry222

dominates. Photochemical models have thus played an important role in our understanding the223

chemistry of the upper atmosphere (e.g., see Yung & Demore 1982; Yung & DeMore 1999), and224

recent models also explore the role of thermochemical equilibria and diffusive atmospheric mixing225

(e.g., Krasnopolsky 2006, 2012; Bierson & Zhang 2020). Near the cloud layers and above, CO2 in226

Venus’ atmosphere is readily destroyed by photolysis:227

CO2
hν−→ CO+O. (10)

The reverse reaction CO+O M−→CO2 is spin forbidden and therefore slow, and recombination of O228

is more likely to result in O2. Without an efficient production route, CO2 would thus be completely229

removed from Venus’ atmosphere in about 5 million years. Moreover, a reaction important for230

Mars and Earth,231

CO+OH→ CO2 +H, (11)

is not effective given insufficient OH production from H2O, which is relatively scarce on Venus. In-232

stead, a number of plausible catalytic reformation pathways have been proposed to resolve this sta-233

bility problem, involving SOx, NOx, and/or ClOx species. For example, Prinn (1971) first pointed234

out the potential importance of ClOx for catalysing CO2 formation on Venus. Near the cloud tops,235

atomic Cl is produced by the photolysis of HCl:236

HCl hν−→ Cl+H (12)

which readily reacts with CO to initiate a catalytic cycle than can efficiently recycle CO back into
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CO2:

Cl+CO M−→ ClCO (13)

ClCO+O2
M−→ ClCOO2 (14)

ClCOO2 +O→ CO2 +O2 +Cl (15)

O+CO→ CO2. (net, scheme 1)

Likewise, sulfur oxides (SOx) are readily photolyzed and serve as a source of atomic O in the cycle
(e.g., Winick & Stewart 1980; Yung & Demore 1982; Yung & DeMore 1999):

SO2
hν−→ SO+O (16)

2SO→ SO2 +S (17)

S+O2→ SO+O (18)

O2→ 2O. (net, scheme 2)

The above schemes can be combined in a larger cycle that results in the recycling of CO2 and the
formation of sulfuric acid via the series of reactions:

O+CO→ CO2 (net, scheme 1)

O2→ 2O (net, scheme 2)

O+SO2
M−→ SO3 (19)

H2O+SO3
M−→ H2SO4 (20)

CO+O2 +SO2 +H2O→ H2SO4 +CO2. (net, scheme 3)

The identification of the cloud composition as sulfuric acid was proposed by Sill (1972) and Young237

(1973) based upon the spectral properties and refractive index of the cloud layers, along with the238

need for a desiccating agent that could remove H2O. A sulfuric acid composition could also explain239

the apparent lack of SO2, which was not detected until 1979 by ground-based UV observations240

(Barker 1979). At higher temperatures below the cloud base (48 km), sulfuric acid thermally241

decomposes via the reaction:242

H2SO4→ H2O+SO3, (21)

consistent with radio occultation observations that show a drop off in the H2SO4 vapour abundance243

below 48 km (Kolodner & Steffes 1998; Bézard & de Bergh 2007).244

The high temperatures and obscuring cloud layers have made the lower atmosphere difficult to245
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observe. A handful of in-situ measurements (via gas chromatography and/or mass spectroscopy)246

of the lower atmosphere were made by the Pioneer-Venus probes, the Venera 11-12 descent craft,247

and the Venera 13-14 and Vega 1-2 landers. However, on the Pioneer-Venus large probe the leak248

inlet for the mass spectrometer was apparently blocked by a cloud droplet from 50-30 km and249

possible insulation failure caused instruments to fail at 12.5 km, whereas the Venera and Vega lan-250

ders did not return gas chromatograph data from below 12 km. More recently, night-side thermal251

emission in an infrared spectra window (in between CO2 lines near 1 µm), first detected by Allen252

& Crawford (1984), has allowed for additional measurements in the lower atmosphere below the253

clouds (e.g, see Marcq et al. 2006; Bézard & de Bergh 2007; Arney et al. 2014). However, the254

chemical abundances of the near-surface atmosphere remain uncertain, particularly for species that255

demonstrate altitude dependence. Theoretical modeling has thus served as an important tool for256

understanding chemical processes in this region of the atmosphere.257

Given the high temperatures and pressures and the lack of ultraviolet flux, chemistry in the258

lower atmosphere is dominated by thermally-driven reactions and over long timescales may also259

be subject to gas-solid reactions at the surface, since 50% of the atmospheric mass resides below260

the 11-km summit of Maxwell Montes. A comprehensive exploration of chemical weathering and261

atmosphere-surface interactions can be found in Zolotov (2019); the salient points of interest for262

atmospheric composition are considered here. Of particular interest is the possibility that chemical263

equilibria of mineral phase assemblages found in the crust may regulate or “buffer” the abundance264

of key gases in the atmosphere. Among such reactions is that proposed by Harold Urey and Robert265

Mueller (Urey 1951; Mueller 1963, 1964):266

CO2(g)+CaSiO3(s)
wollastonite

� SiO2(s)
quartz

+CaCO3(s)
calcite

. (22)

If all three phases are present at equilibrium at a temperature of 740 K, this reaction yields a267

partial pressure of PCO2 ∼ 90, roughly similar to the observed partial pressure of CO2 near the268

surface. However, the operation of this buffer depends upon whether carbonates are present on269

the surface of Venus, which remains a subject of debate, and CaCO3 is unstable toward reaction270

with atmospheric SO2 at Venus surface conditions. Most of the surface carbon inventory on Earth is271

found in crustal rocks as carbonates, whereas the carbon inventory of Venus - lacking a comparable272

carbon cycle - appears to be mostly present in the atmosphere (see Figure 2). This difference in273

carbon reservoirs is generally ascribed to the very dry conditions on Venus, and the high D/H ratio274

in Venus’ atmosphere (150× that of the Earth) suggests significant loss of water in the past.275

The abundances of the volcanically-outgassed S-bearing species SO2, OCS, H2S, and Sx are276

altitude-dependent, shaped by photochemistry, atmospheric transport, thermally-driven reactions,277

and surface-atmosphere interactions as part of sulfur oxidation and polysulfur cycles (e.g., see278

Mills et al. 2007; Zhang et al. 2012; Marcq et al. 2018; Mills et al. 2019; Bierson & Zhang 2020;279
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Vandaele 2020). In the sulfur oxidation cycle, for example, the upward transport and oxidation of280

SO2 and OCS leads to H2SO4 cloud formation. As these cloud droplets descend and evaporate, the281

SO3 produced by the thermal decomposition of H2SO4 (Reaction 21) can recycle SO2 and CO2282

via net reactions such as283

SO3 +CO� SO2 +CO2. (23)

In the polysulfur cycle, the upward transport and photodissociation of SO2 and OCS produces S284

atoms, which can react with OCS to produce S2:285

OCS+S→ CO+S2, (24)

Additional thermochemical reactions involving sulfur can produce higher sulfur allotropes Sn286

S2 +S� S3, (25)

which have been proposed as a source of UV absorption in the upper atmosphere (Yung & DeMore287

1999; Mills et al. 2007; Titov et al. 2018). Atmosphere-surface interactions may also serve as a288

source for sulfur species via reactions such as289

4CO2 +3FeS(s)
pyrrhotite

� 3Fe3O4(s)
magnetite

+3OCS+CO, (26)

consistent with the increase in abundance of OCS with decreasing altitude (Marcq et al. 2006;290

Bézard & de Bergh 2007; Fegley 2014).291

Sulfur dioxide, first detected in the UV spectrum of Venus (Barker 1979; Conway et al. 1979;
Stewart et al. 1979), is the most abundant S-bearing gas and the third-most abundant gas Venus’
atmosphere, and plays an important role in the catalytic recycling of CO2 and sulfuric acid cloud
formation. The atmospheric abundance of SO2 is also high enough to drive surface-atmosphere
reactions with carbonates (showing that CaCO3 is unstable at present Venus surface conditions)
and other Ca-bearing minerals via reactions such as

4CaCO3(s)
calcite

+6SO2→ 4CaSO4(s)
anhydrite

+4CO2 +S2 (27)

4MgCaSi2O6(s)
diopside

+6SO2→ 4CaSO4(s)
anhydrite

+4MgSiO3(s)
enstatite

+4SiO2(s)
quartz

+S2 (28)

which serve as an atmospheric sink for SO2. Such sulfurization reactions can thus be used to292

estimate the amount of volcanic outgassing necessary to maintain the observed SO2 abundance293

(Fegley & Prinn 1989), and also serve as a proxy for the chemical weathering of surface rocks294

Zolotov (2018).295

Other volcanic gases such as HCl and HF have also been detected in Venus’ atmosphere
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(Connes et al. 1967). As shown above, HCl photolysis is a source of Cl radicals in ClOx catalytic
cycles that produce CO2. Because HCl and HF are highly reactive, surface-atmospheric buffering
has been proposed to explain their abundance via gas-solid equilibria with mineral phases com-
monly found in alkaline basalts (which demonstrate mineralogy consistent with that inferred by
surface XRF measurements), via net reaction such as (Fegley et al. 1997):

Al2O3 +NaAlSiO3O8 +Na8(Al6Si6O24)Cl2 +H2O� 9NaAlSiO4 +2HCl (29)

3SiO2 +KMg3AlSi3O10F2 +H2O� KAlSi3O8 +3MgSiO3 +2HF (30)

Similarly, mineral assemblages of oxides may buffer key atmospheric parameters such as the near-296

surface oxygen fugacity fO2 (Fegley et al. 1997; Fegley 1997) and C-O-S equilibria, for which the297

fO2 may regulate (for example) the near-surface H2O/H2, CO2/CO, and SO2/SO gas abundance298

ratios. Gas-phase equilibria in the lower atmosphere may in turn be used to indicate the relative299

stability of mineral phases at the surface (e.g., Zolotov 2018, 2019). Along with the near-surface300

near surface redox conditions and atmospheric abundances, surface mineralogy of Venus thus re-301

mains a key outstanding question for understanding chemical processes in the lower atmosphere.302

4.2 Earth303

The determination of the Earth’s bulk atmospheric composition coincided with the chemical dis-304

covery of the molecular gases N2 (1772), O2 (1774), and CO2 (1754) in the latter half of the 18th305

century and additional minor (e.g., Ar in 1894) and key trace species (e.g., O3 in 1839) the in 19th306

and 20th centuries. The Earth’s atmosphere consists of 78% N2, 21% O2, and 0.934% Ar with307

a host of minor and trace species (see Table 3), including anthropogenic species. As noted by308

Lodders & Fegley (2011), the increasing number of detected atmospheric species in the terrestrial309

atmosphere throughout the 20th century can be attributed to advances in analytical techniques and310

also to the appearance of anthropogenic species (such as CFCs, HCCs, HCFCs, and HFCs) that311

were absent prior to the 20th century. The H2O abundance is spatially and temporally variable (up312

to 4%) and Earth’s clouds are made of ice and/or liquid water. As an abundant and condensible313

species, the behavior of H2O is of central importance for energy transfer, weather, and surface314

climate, and water vapour is the dominant greenhouse gas in the Earth’s atmosphere. Isotopic315

abundance comparisons between meteorites, comets, and the oceans and atmosphere suggest that316

the water inventory of the Earth may have been delivered primarily via volatile-rich planetesimals317

during its accretion, with a possible “late veneer” of comet-like material (e.g., see Dauphas et al.318

2000; Morbidelli et al. 2000; Alexander et al. 2012; Marty 2012; Halliday 2013; O’Brien et al.319

2018, and references therein).320
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Table 3: Composition of the Atmosphere of Earth

Gas Abundance Source Sink
N2 78.08% outgassing; bacterial denitrification bacterial fixation; oxidation
O2 20.95% photosynthesis respiration and decay;

oxidative weathering
H2O up to 4% (variable) evaporation condensation
36Ar 31 ppm outgassing none
40Ar 9303 ppm 40K decay; outgassing none
CO2 410 ppm outgassing, combustion photosynthesis, oceans
CO 40−200 ppm (variable) photochemistry, combustion reaction with OH
CH4 1.8 ppm biological, agricultural reaction with OH
H2 0.5 ppm H2O photoloysis H atom escape
H2O2 0.3−3 photochemistry photochemistry
4He 5 ppm outgassing, radiogenic escape
Ne 18.18 ppm outgassing none
Kr 1.14 ppm outgassing none
Xe 87 ppb outgassing none
N2O 330 ppb biology, agriculture, combustion stratospheric photolysis
NOx 30-300 ppt combustion, biology photoloysis, photochemistry
NH3 0.1-3 ppb biology wet & dry deposition
HNO3 0.04-4 ppb NOx photochemistry rainout
O3 10-100 ppb photochemistry photochemistry
HCl 1 ppb derived from sea salt aerosols; volcanism rainout
OCS 400-520 ppt (variable) biology, volcanism, anthropogenic photodissociation, biology
other S-gasesa ≤ 260 ppt biology, combustion, volcanism photooxidation
HCCsb 700 ppt anthropogenic reactions with OH
CFCsc 818 ppt anthropogenic stratospheric photolysis
HCFCsd 309 ppt anthropogenic reactions with OH
HFCse 218 ppt anthropogenic reactions with OH
other halocarbonsf . 200 ppt anthropogenic stratospheric photolysis

Table adapted after abundances and sources/sinks compiled in Lodders & Fegley (1998), with updates for anthropogenic

greenhouse gas (CO2, CH4, N2O) and halocarbon trace gas abundances from the NOAA ESRL Global Monitoring Lab-

oratory (https://www.esrl.noaa.gov/gmd/). aSO2, H2S, CS2, (CH3)2S. bCH3Cl, CH2Cl2, CH2ClCH2Cl, CHCl3, C2H5Cl,

CHClCCl2, CH3CCl3. cCCl2F2 (CFC-12), CCl3F (CFC-11), C2Cl3F3 (CFC-113), CClF3 (CFC-13), C2Cl2F4 (CFC-

114), C2ClF5 (CFC-115). dCHClF2 (HCFC-22), C2H3Cl2F (HCFC-141b), C2H3ClF2 (HCFC-142b), CHCl2F (HCFC-21)
eCH2FCF3 (HFC-134a), C2HF5 (HFC-125), CH2F2 (HFC-32), C2H3F3 (HFC-143a), C2H4F2 (HFC-152a), C3HF7 (HFC-

227ea), C4H5F5 (HFC-365ma), C3H2F6 (HFC-236fa) f CF4, CCl4, CH3Br, CH3I, C2F2, C2Cl4, CBrClF2 (halon-1211),

CBrF3 (halon-1301), C2F2Br2 (halon-2402).

322
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Both carbon and nitrogen show fast, biologically-mediated cycles tied to slower cycles operat-323

ing over geological timescales (e.g., Johnson & Goldblatt 2015). The abundant molecular nitrogen324

in the Earth’s atmosphere – ultimately the product of geologically recent volcanic outgassing – is325

relatively inert due to the strength of the N≡N bond (+940 kJ/mol). However, nitrogen fixation326

(i.e., the conversion into ammonia, nitrates, or nitrites) can occur during combustion of fossil fuels327

or vegetation, or by lightning strikes that produce NOx species. Biological fixation plays an even328

larger role via the bacterial nitrogenase reaction:329

N2 +8H++8e− ATP→ADP−−−−−−→ 2NH+
4 , (31)

and serves as the primary sink for molecular nitrogen in the terrestrial atmosphere. The ammonium330

ion is converted to nitrates by nitrifying bacteria; these nitrates are then assimilated into plants or331

converted back into N2 by denitrifying bacteria, completing the cycle. Even without this recycling,332

the large reservoir of atmospheric nitrogen would make it stable over ∼ 107 years; with recycling333

and outgassing sources (e.g., Sano et al. 2001) nitrogen is abundant in Earth’s atmosphere over ge-334

ological timescales . A historical chronology of the development of our present-day understanding335

of the terrestrial nitrogen cycle can be found in the review of Galloway et al. (2013).336

The abundances of O2 and CO2 in the Earth’s atmosphere are coupled. The ultimate source of337

molecular oxygen (O2) in the Earth’s atmosphere is photosynthesis, represented by the net reaction:338

nCO2 +nH2O
hν

� (CH2O)n +nO2. (32)

This reaction is reversible via respiration, so the accumulation of oxygen requires the burial and339

sequestration of organic carbon (e.g., Catling & Claire 2005; Duncan & Dasgupta 2017), a process340

that appears to have played a role in the gradual rise of atmospheric oxygen during the so-called341

Great Oxygenation Event near 2.3-2.4 Ga (e.g., see review in Lyons et al. 2014).342

Photosynthesis also serves as a short-term sink for carbon dioxide. The CO2 concentration343

shows an intra-annual variation of about 5 ppm per year corresponding to the seasonal uptake of344

CO2 during northern hemisphere spring and summer (the growing season for most land vegetation345

on Earth), followed by the release of CO2 back into the atmosphere during northern hemisphere346

fall and winter (see Figure 3). Volcanic emission of carbon dioxide is dwarfed by anthropogenic347

emissions (e.g., Burton et al. 2013), which are primarily responsible for the observed inter-annual348

increase of CO2 from ∼280 ppm in 1800 to ∼410 ppm in 2020.349

Other sinks for atmospheric CO2 include the oceans, which represent a significantly larger
reservoir (38,00 Gt) for carbon than the atmosphere (860 Gt; Friedlingstein et al. 2020). For
example, rising atmospheric CO2 concentrations from anthropogenic emission (Figure 3) drives
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chemical equilibria such as (cf. Archer et al. 2009)

CO2 +H2O� H2CO3 (33)

H2CO3 +H2O�+HCO−3 +H3O+ (34)

CO2 +2H2O� HCO−3 +H3O+, (35)

leading to increasing acidity (i.e., lower pH) in the Earth’s oceans (e.g., Caldeira & Wickett 2003).
Moreover, carbonates are precipitated by organisms to yield shell materials or produced by the
chemical weathering of rocks via reactions such as

Ca+2 +2HCO−3 → CaCO3
calcite

+H2O+CO2 (36)

2CO2 +H2O+ CaSiO3
wollastonite

→ SiO2
quartz

+Ca+2 +2HCO−3 (37)

CO2 + CaSiO3
wollastonite

→ CaCO3
calcite

+SiO2
quartz

, (38)

wherein they may be subducted and returned to the atmosphere as CO2 via volcanic outgassing350

(e.g., Plank & Manning 2019). This carbonate-silicate cycle plays an important role in regulating351

the CO2 abundance (and thus planetary temperature) over geological timescales. Moreover, sedi-352

mentary carbonates and kerogen together give a lithospheric carbon reservoir of ∼108 Gt, vastly353

more than is present in the hydrosphere and atmosphere. The sequestration of carbon into litho-354

spheric reservoirs represents a key difference from Venus, for which – lacking interaction with355

active hydrologic and biological cycles – the carbon inventory appears to reside in the atmosphere356

(see Figure 2).357

The temperature increase of the Earth’s stratosphere (15-50 km; see Figure 1) is due to the
absorption of ultraviolet sunlight by ozone. The role of ozone as the absorber responsible for the
UV cutoff in the solar spectrum was first proposed by Walter Noel Hartley in 1880, based upon
comparison with experimental studies of O3 (Hartley 1881). In their subsequent observations,
Fowler & Strutt (1917) confirmed this result by identification of O3 absorption bands in stellar
and solar spectra, and suggested that the ozone was distributed in the upper atmosphere. The
invention of the Dobson spectrometer (Dobson & Harrison 1926) provided a method for regular
measurement of the atmospheric column density of O3. In 1930, Sydney Chapman proposed a

17



2000 2005 2010 2015 2020
360

380

400

420

Year

C
O

2
ab

un
da

nc
e

(p
pm

)

Figure 3: Abundance of CO2 in the Earth’s atmosphere from 2000-2020, showing seasonal vari-
ability and the anthropogenic inter-annual increase. Monthly data for the Mauna Loa observatory
from the Scripps CO2 Data Program (Keeling & Keeling 2017).

series of reactions to explain the behavior of ozone in the stratosphere (Chapman 1930):

O2
hν−→ 2O (39)

O+O2
M−→ O3 (40)

O3
hν−→ O2 +O (41)

O+O3→ 2O2 (42)

O3→ O2 +O. (net)

The scheme shown here omits the slow Chapman reaction O+O M−→ O2. Moreover, the O atom358

produced by ozone photolysis (reaction 41) may recombine with another O2 molecule to produce359

O3 (i.e., repeating reaction 40). In this case, as noted by Yung & DeMore (1999), there is no net360

change in Ox for the above sequence of reactions; stratospheric ozone is thus effective at blocking361

ultraviolet radiation and converting it into thermal energy.362

By the mid-20th century, it was recognized that oxygen-only Chapman chemistry by itself363

predicted stratospheric ozone abundances greater than what was observed. The search for addi-364

tional O3 loss pathways led to the discovery of key catalytic processes in the stratosphere (Bates365

& Nicolet 1950; Norrish & Wayne 1965a,b). Ozone is readily destroyed by reactions with free366

radical species such as Cl·, Br·, and OH·, and HOx, NOx, ClOx, and BrOx catalytic cycles play an367

important role the Earth’s stratosphere.368

The relative importance of a particular catalytic cycle varies with altitude and depends not only
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upon reaction kinetics but also upon the number of times a cycle may repeat before the catalyst
is lost to other processes (i.e., the chain rate; see Lary 1997). In general there are two basic net
reaction schemes for ozone loss. In the middle stratosphere, the dominant type of scheme is

X+O3→ XO+O2 (43)

XO+O→ X+O2 (44)

O+O3→ 2O2, (45)

which can begin with either reaction and where X = OH, Cl, Br, or NO. In the lower stratosphere
(where the abundance of atomic O is relatively low and the abundance of O3 is relatively high) the
most effective catalytic cycle can be represented by the net reaction scheme

X+O3→ XO+O2 (46)

XO+O3→ X+2O2 (47)

2O3→ 3O2. (48)

Additional reactions based upon this scheme can also play a role, including reactions among or
between oxides (XO) such as HO2, ClO, BrO, and NO2 (e.g., Lary 1997):

XO+X’O→ X’XO2 (49)

X’XO2→ X’+XO2 (50)

XO2→ X+O2 (51)

X+O3→ XO+O2 (52)

X’+O3→ X’O+O2 (53)

2O3→ 3O2. (54)

Enhanced catalytic destruction of ozone occurs in polar regions, where very low temperatures and
the development of the polar vortex promote the formation of polar stratospheric clouds (PSCs).
Surface reactions that occur on PSC particles produce Cl radicals than can readily react with ozone
(e.g., via reactions 43 and 46). For similar reasons, anthropogenic emission of halocarbons has
contributed to increased catalytic destruction of stratospheric ozone. These gases are destroyed by
UV photolysis such as that for CFC-12:

CF2Cl2
hν−→ CF2Cl+Cl,
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which produces Cl radicals in the stratosphere. Although a handful of halocarbon species (such369

as CH3Cl) occur naturally, the abundances of CFCs, HCFCs, HFCs, and HCCs in Table 3 are370

almost entirely anthropogenically produced. CFCs are relatively inert and so survive into the371

stratosphere until they are destroyed by photolysis. As an alternative, many of the compounds372

proposed and developed to replace CFCs include hydrogen (HCFCs and HFCs). This gives them373

much shorter atmospheric residence times because they are subject to oxidation by OH in the374

troposphere (see below). In response to control measures such as the Montreal Protocols (signed375

in 1989), the atmospheric concentrations of the CFCs listed in Table 3 have decreased after 1995,376

whereas increased usage and emission has generally (aside from latitudinal and seasonal effects)377

increased the atmospheric concentrations of most HCFCs and HFCs.378

As in the stratosphere, chemistry in the troposphere depends upon the abundances and reaction
chemistry of key minor and trace species. Foremost among these is the reactive hydroxyl radical
(OH), which effectively controls the atmospheric lifetimes of most minor or reactive species in
the Earth’s troposphere. Even though the concentration of OH is ∼106 molecules cm−3 (Wayne
2000), it is the dominant oxidizing agent in the troposphere (for comparison, the number density
of the Earth’s atmosphere at sea level is ∼1019 molecules cm−3). For example, a dominant loss
pathway for tropospheric CO and CH4 (and higher hydrocarbons) is rapid reaction with OH, e.g.,

OH+CO→ CO2 +H, (55)

OH+CH4→ CH3 +H2O. (56)

The primary formation pathway for hydroxyl is the the photolysis of O3 followed by reaction of
the excited oxygen atom with water:

O3
hν−→ O∗2(

1
∆g)+O∗(1D), (57)

O∗(1D)+H2O→ OH+OH. (58)

Quenching of excited O may occur to produce a ground state atom of O, but free ground state379

oxygen atoms will produce ozone (via reaction 40), allowing for recycling. If present, NO2 derived380

from natural (primarily lightning) or anthropogenic (primarily fossil fuel combustion) sources can381

also undergo photolysis via382

NO2
hν−→ NO+O, (59)

to provide a free oxygen atom for the production of tropospheric ozone and the formation of pho-383

tochemical smog. Major outstanding questions about terrestrial atmospheric composition con-384

sider the abundance trends and formation and loss pathways of key reactive species, greenhouse385

gases, pollution sources, and aerosols; how chemical and physical processes in the troposphere and386

stratosphere will both shape and respond to changes in climate and atmospheric composition; and387
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quantifying chemical transport and exchange between different planetary reservoirs, including the388

surface and interior.389

4.3 Mars390

Early estimates of Mars’ atmospheric properties in the 18th and 19th centuries were provided by391

telescopic observations of shifting surface features, clouds, and atmospheric variability now at-392

tributed to dust storms. By the mid-20th century, ground-based spectroscopic observations had393

confirmed the existence of CO2, and studies of Martian clouds and polar caps suggested ∼millibar394

surface pressures (e.g., Hess 1948; Kuiper 1952; Grandjean & Goody 1955; Kaplan et al. 1964).395

Improved constraints on composition (including the first confirmation of solid CO2) and atmo-396

spheric pressure were provided by the Mariner missions (1964-1971), followed by the first in-situ397

measurements of the atmosphere by the Viking 1 and Viking 2 landers (1976). Since then, numer-398

ous lander, rover, and orbiter missions alongside ongoing ground-based observations have provided399

information about the composition and climate of Martian atmosphere, including missions specif-400

ically equipped to explore the climate history of Mars, such as the Curiosity rover (2012), the401

Phoenix lander (2008) and orbiters including Mars Reconnaissance Orbiter (2006), Mangalyaan402

(2014), MAVEN (2014), and the ExoMars Trace Gas Orbiter (2016).403

The composition of the Martian atmosphere is summarized in Table 4. The thin and cold404

atmosphere of Mars consists primarily of CO2 (95.3%) with small amounts of N2 (2.7%) and Ar405

(1.6%), and a number of minor species produced from photochemical reactions. With an average406

surface temperature near 214 K and surface pressures near 6-10 millibar, Mars surface conditions407

are below the triple point for both H2O (273.16 K, 6.1 mbar) and CO2 (216.6 K, 5.2 bar) so that408

liquid water and liquid carbon dioxide are both unstable, even at equatorial or summer daytime409

highs near 300 K. Both CO2 and H2O can produce frost on the Martian surface and commonly410

form thin clouds over a wide range of altitudes (Pollack et al. 1977; Pearl et al. 2001; Clancy et al.411

2003; Montmessin et al. 2006; Whiteway et al. 2009; Määttänen & F. 2021). Water ice also forms412

clouds above the polar regions during local fall and winter (the “polar hood”), and around Mars’413

high shield volcanoes (e.g., Leovy et al. 1973; Pollack et al. 1977; Benson et al. 2011).414
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Table 4: Composition of the Atmosphere of Mars

Gas Abundance Source Sink

CO2 95.32% outgassing, sublimation condensation
N2 2.7% outgassing atmospheric escape
Ar 1.6% outgassing none
O2 0.17%a CO2 photolysis photoreduction
CO 0.08% CO2 photolysis photooxidation
H2O 0.03% (variable) sublimation, desorption condensation, adsorption
H2 15 ppmb H2O photolysis atmospheric escape
NO ∼100 ppm photochemistry photochemistry
Ne 2.5 ppm outgassing none
Kr 0.3 ppm outgassing none
Xe 0.08 ppm outgassing none
O3 0.02-0.2 ppm photochemistry photochemistry
H2O2 23 ppb (variable)c photochemistry photodissociation
CH4 0-7 ppb unknown photochemistry, unknown

Table adapted after Lodders & Fegley (1998), with updates from the literature where in-
dicated. aFranz et al. (2017) Curiosity SAM instrument suite;bKrasnopolsky & Feldman
(2001); cusing mean column density from Encrenaz et al. (2004); dWebster et al. (2018)
report a background level of 0.4 ppb based upon Curiosity Tunable Laser Spectroscopy mea-
surements (see also Villanueva et al. 2013), whereas no CH4 was detected by the ExoMars
Trace Gas Orbiter (Korablev et al. 2019).

415

Despite the instability of liquid water at the surface of Mars today, starting with the apparent416

fluvial geomorpology revealed by Mariner 9 (1971-1972), there is abundant geological and geo-417

chemical evidence that liquid water shaped Mars surface features in the distant past (e.g., Clifford418

1993; Carr 1996; Bibring et al. 2006; Ehlmann et al. 2008, 2011). This has led to ongoing re-419

search exploring the conditions and mechanisms that could produce the observed surface features420

and mineralogy, and studies of the early climate history and evolution of the Martian atmosphere.421

These studies, along with observations of the upper atmosphere and exosphere, suggest extensive422

atmospheric loss that has transformed a warm and wet climate to the cold and dry planet we find423

today (Pollack et al. 1987; Jakosky & Phillips 2001; Jakosky et al. 2017, 2018). The water inven-424

tory on Mars is now mostly present as ice sequestered in the polar caps and the subsurface, and425

hydrated mineral deposits in the crust (e.g., Scheller et al. 2021; Wernicke & Jakosky 2021).426

In the present-day atmosphere of Mars, large surface pressure variations are caused by the427

25◦ tilt of Mars’ axis which yields large temperature variations and the corresponding seasonal428

deposition and sublimation of significant amounts of CO2 ice (and to a lesser extent H2O ice) in429
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the polar regions, summarized by the net reaction430

CO2(s)� CO2(g), (60)

for which the equilibrium vapour pressure of CO2 is ∼1 mbar at 140 K. Because CO2 is the pri-431

mary component of the atmosphere, this seasonal cycle provides significant interannual variability:432

surface pressures drop as more CO2 is deposited into polar ice. For example, the Viking landers433

and Curiosity rover measured surface pressures ranging from 7 mbar to 10 mbar corresponding to434

seasonal behavior of the polar caps (Hess et al. 1977, 1980; Kelly et al. 2006; Trainer et al. 2019).435

As on Venus, atmospheric CO2 on Mars is also subject to loss via photolysis:436

CO2
hν−→ CO+O. (61)

A key difference is that this photolysis can occur throughout the entire Martian atmospheric col-437

umn down to the surface. Thus, Mars has the same stability problem as Venus, and CO2 would be438

gradually removed from the atmosphere unless there is an efficient method for recycling produc-439

tion. Moreover, observations of CO (Kaplan et al. 1964) and O2 (Barker 1972) show abundances440

lower than expected, suggesting a conversion mechanism back into CO2 (e.g., see Nair et al. 1994).441

The presence of atmospheric H2O (∼0.03%) allows for HOx catalytic cycles that recycle CO2.442

For example, McElroy & Donahue (1972) showed that CO2 recombination can be catalyzed by443

OH radicals, which may produced by the the photolysis of H2O via444

H2O hν−→ OH+H, (62)

which can initiate a series of reactions:

OH+CO→ CO2 +H (63)

H+O2
M−→ HO2 (64)

O+HO2→ O2 +OH (65)

CO+O→ CO2. (66)

The H atom produced by H2O photolysis can also react with HO2 to produce H2 and O2:445

H+HO2→ H2 +O2. (67)

The hydrogen produced in this way diffuses from the lower atmosphere to the upper atmosphere,446

where ionospheric reactions produce H atoms that are subject to thermal escape. This is supported447

by spectroscopic observations of H atoms in Mars’ exosphere, and consistent with the escape of448
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H2O in stoichiometric proportions (due to self-regulating photochemical processes; see Yung &449

DeMore 1999) over long periods of Martian history (Jakosky et al. 2015; Chaffin et al. 2017).450

HOx chemistry also plays a role in regulating the abundances of other key species such as ozone
(O3) and hydrogen peroxide (H2O2) in the Martian atmosphere (e.g., Nair et al. 1994; Lefèvre et al.
2008). As on Earth, ozone is produced by the sequence of reactions,

O2
hν−→ 2O (68)

O+O2
M−→ O3, (69)

and is readily destroyed by H (a product of H2O photolysis):451

H+O3→ O2 +OH. (70)

This relationship yields an inverse correlation between the O3 abundance and that of HOx-producing452

water vapor, consistent with model-data comparisons and Mars Express observations of seasonal453

variations that show relatively high O3 abundances during Mars’ northern winter (Lefèvre et al.454

2008). Hydrogen peroxide (H2O2), proposed as an oxidizing agent of the Martian regolith (Oyama455

& Berdahl 1977) and detected by microwave spectroscopy (Clancy et al. 2004; Encrenaz et al.456

2004), is produced from HOx via the reaction457

HO2 +HO2→ H2O2 +O2. (71)

The photolysis of H2O2 produces hydroxyl radicals458

H2O2
hν−→ OH+OH. (72)

The reactions above are expected to yield a positive correlation between the H2O2 abundance and459

that of water vapor. At high H2O abundances, H2O2 photolysis is an important source of OH460

radicals in HOx catalytic cycles beginning with reaction (63) that recycle CO and O back to CO2.461

The reported detections of trace and variable amounts of CH4 by ground-based and Mars Ex-462

press infrared spectroscopy and the Curiosity rover and the non-detection reported by the ExoMars463

Trace Gas Orbiter have been a subject of particular interest and debate (e.g., see Formisano et al.464

2004; Mumma et al. 2009; Zahnle et al. 2011; Krasnopolsky 2012; Webster et al. 2013, 2015,465

2018; Korablev et al. 2019). In the upper atmosphere (> 70 km) CH4 is readily destroyed by UV466

photolysis. In the lower atmosphere, CH4 photolysis is shielded by UV absorption from CO2, but467

is subject to oxidation (as on Earth) by OH radicals:468

CH4 +OH→ CH3 +H2O. (73)
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Taken together, these processes yield an CH4 atmospheric lifetime of ∼300 years (e.g., Villanueva469

et al. 2013). Shorter period spatial and/or seasonal variations in the CH4 abundance in Mars’ atmo-470

sphere would thus rely upon atmospheric production and loss processes that remain poorly under-471

stood. A number of different methane sources have been proposed, including volcanism, microbial472

activity, or chemical reactions associated with metamorphism. This methane is plausibly destroyed473

by some yet-unidentified oxidizing agent such as H2O2. More generally, surface-atmosphere in-474

teractions and heterogeneous chemistry on ice or dust grains may play an important role in the ox-475

idation of the Martian regolith and atmosphere. For example, model-data comparisons of Martian476

photochemistry suggest that hetereogenous chemistry is needed explain the relationship between477

observed gas abundances and photochemical model predictions (Anbar et al. 1993; Krasnopolsky478

1993; Atreya & Gu 1994; Krasnopolsky 2006; Lefèvre et al. 2008). The results of the Viking479

lander biological experiments are also consistent with the presence of a strong oxidizing agent480

(Oyama & Berdahl 1977; Navarro-González et al. 2010; Encrenaz et al. 2012). The behavior of481

perchlorate (ClO−4 ) compounds, first detected at the Phoenix lander site (Hecht et al. 2009), may482

provide further clues. The redox chemistry of the Martian regolith and near-surface atmosphere483

(e.g., Spiga 2019) – and its relationship to the climate history of Mars – remains an subject of484

active observational, experimental, and theoretical investigation.485

5 Giant planet atmospheres486

The atmospheres of the gas giant planets exist as massive molecular envelopes consisting mostly487

of molecular hydrogen (H2) and helium (He) captured as primary atmospheres from the solar488

nebula during planetary formation. In contrast to the terrestrial planets, the gas giants have no489

solid planetary surface. For this reason, their radii are defined adopting an atmospheric reference490

pressure of 1 bar (see Table 1), with pressures and temperatures increasing with depth into the491

troposphere. The atmospheric profiles for the gas giant planets down to the ∼20 bar level are492

shown in Figure 4.493

The observed chemical abundances in the atmospheres of the giant planets are summarized in494

Table 5. To a rough first approximation, the giant planet atmospheres are protosolar in composition,495

with varying enhancements in heavy elements (i.e., elements heavier than He) such as carbon,496

nitrogen, and oxygen, present as hydrides. The low observed abundances of NH3, H2O, and H2S497

on Saturn, Uranus, and Neptune are attributed to their sequestration into cloud layers a deeper498

atmospheric levels. In all four giant planets, the observed atmospheric chemistry is shaped by499

various chemical and physical processes including thermochemical equilibrium, reaction kinetics500

and atmospheric mixing, cloud formation, and photochemistry.501
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Table 5: Composition of Giant Planet Atmospheres

Gas Protosolara Jupiter Saturn Uranus Neptune

Major species
H2 83.2% 86.4% 88% ∼82.5% ∼80%
He 16.6% 13.6% 11.9%d 15.2% 19.0%
Condensible Species
CH4 602 ppm 2050 ppmb 4500 ppm 2.3% 2-4%e

NH3 145 ppm 351 ppmc 159 ppm < 100 ppb < 600 ppb
H2O 882 ppm 2500 ppmc 2-200 ppb - -
H2S 29 ppm 77 ppmb < 0.4 ppm < 0.8 ppm < 3 ppm
Deuterated Species
HD 45 ppm 110 ppm 148 ppm 192 ppm
CH3D 0.20 ppm 0.39 ppm 8.3 ppm 12 ppm
Noble Gases
Ne 289 ppm 21 ppm - - -
Ar 6.5 ppm 16 ppm - - -
Kr 3.4 ppb 8 ppb - - -
Xe 0.4 ppb 0.8 ppb - - -
Disequilibrium and Photochemical Species
PH3 0.5 ppm 0.7 ppm 4.5 ppm < 1.1 ppb f -
GeH4 7.9 ppb 0.7 ppb 0.4 ppb - -
AsH3 0.4 ppb 0.22 ppb 2.1 ppb - -
CO 1 ppb 1.4 ppb < 40 ppb 0.65 ppm
CO2 5-35 ppb 0.3 ppb < 0.3 ppb < 0.5 ppb
HCN 60 ppb < 4 ppb < 15 ppb 0.3 ppb
C2H2 0.11 ppm 0.30 ppm 10 ppb 60 ppb
C2H4 7 ppb 0.2 ppb - -
C2H6 5.8 ppm 7.0 ppm 10 ppbg 1.5 ppm
C4H2 0.3 ppm 0.09 ppb 0.16 ppbg detected
CH3C2H 2.5 ppb 0.6 ppb 0.25 ppbg 0.12 ppb

Abundances given as volume mixing ratios following the compilations of Lodders & Fe-

gley (1998); Lodders & Fegley (2011) and de Pater & Lissauer (2015), with updates from

the literature where indicated. aEstimated abundances in a protosolar-composition gas

based upon the protosolar elemental abundances in Lodders (2020). The protosolar H2O

abundance is calculated assuming the prior removal of ∼20% of the oxygen inventory

into rock-forming oxides. bWong et al. (2004); cLi et al. (2020); dConrath & Gautier

(2000); eIrwin et al. (2019); f Teanby et al. (2019); gBurgdorf et al. (2006).
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Figure 4: Atmospheric profiles for Jupiter, Saturn, Uranus, and Neptune, derived from Voyager radio
occultation data (Lindal et al. 1985; Lindal 1992) and in situ observations of Jupiter’s atmosphere by the
Galileo entry probe (Seiff et al. 1998). The dashed lines are extensions of adiabatic profiles into the deep
troposphere. The horizontal dotted lines denote the pressure and temperature of the cloud base (i.e., the
greatest depth at which equilibrium condensation occurs) for different condensates (labeled) along each
profile. For Uranus and Neptune, the NH3, NH4SH, and H2O cloud layers are expected to condense at
higher pressures and temperatures than shown here.
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It is convenient to further divide the giant planets into two categories: the larger gas giants503

Jupiter and Saturn and the smaller ice giants Uranus and Neptune. The differences are most readily504

distinguished by a comparison of the inferred interior structures of the giant planets, as illustrated505

in Figure 5. Gas-rich Jupiter and Saturn are more massive (318 ME and 95 ME, respectively), larger506

(11.2 RE and 9.5 RE), and consist mostly of hydrogen and helium, with relatively small cores of507

rock and ice. Although Uranus (14.5 ME, 4.0 RE) and Neptune (17.1 ME, 3.9 RE) likewise possess508

hydrogen-rich molecular envelopes, these planets are significantly smaller and appear to contain509

a much greater proportion of “ice-forming” (e.g., C, N, O) and rocky (e.g., Mg, Si, Fe) elements.510

Here we will discuss the atmospheric chemistry of each of these sub-categories in turn, with a511

focus on tropospheric abundances and the processes shaping the observed compositions of giant512

planet atmospheres.513

Jupiter
318 ME , 11.2 RE

molecular H2, He

metallic H, He

rock + ice

Saturn
95 ME , 9.5 RE

molecular H2, He

metallic
H, He

rock + ice

Uranus
14.5 ME , 4.0 RE

molecular
H2, He, CH4

ionic fluid

rock

Neptune
17.1 ME , 3.9 RE

molecular
H2, He, CH4

ionic fluid

rock

Figure 5: Simplified schematic cross-sections (drawn to scale) of the interior structures of Jupiter, Saturn,
Uranus, and Neptune. See Stevenson (1982); Hubbard et al. (1995); Guillot (1999); Guillot et al. (2004);
Marley & Fortney (2007) for details.

5.1 Jupiter and Saturn514

The low densities of Jupiter (1.3 g cm−3) and Saturn (0.7 g cm−3), along with the presence of515

hydrides (e.g., CH4, NH3), led early observers and theorists to conclude that these giant plan-516

ets consist mostly of hydrogen and have bulk compositions roughly similar to that of the Sun517

(e.g., Jeffreys 1924; Wildt 1932). Moreover, advances in our understanding of high-pressure ma-518

terials, including the prediction of metallic hydrogen (Wigner & Huntington 1935) yielded early519

models of Jupiter and Saturn that consisted of H and He and included a metallic hydrogen layer520

(e.g., Brown 1950; Ramsey 1951; Demarcus 1958; Peebles 1964). High-pressure experiments and521

models, along with spacecraft measurements of the gravitational field have provided additional522

constraints for models of interior structure and composition. Jupiter and Saturn both appear to523

possess dense core of rock and possibly ice, an overlying mantle of fluid metallic hydrogen (stable524
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at pressures above∼2 Mbar), and an outer molecular H2-He envelope (see Figure 5) of which only525

the uppermost portions are directly observable by remote-sensing or in-situ methods.526

Far-infrared measurements show that both Jupiter and Saturn emit nearly twice as much en-527

ergy than they receive from the Sun (Low 1966) suggestive of convecting interiors (Peebles 1964;528

Hubbard 1968, 1969). The composition of their visible atmospheres is thus expected to be gen-529

erally representative of bulk atmospheric composition. For example, the tropospheric abundances530

of CH4, NH3, H2S, and H2O are generally assumed to represent the elemental abundances of the531

C, N, S, and the majority of planetary O (e.g., see Figure 6). However, recent Juno measurements532

of Jupiter’s gravity field suggest the possibility of a diluted core and non-uniform heavy element533

mixing throughout the planet as a whole (e.g., Debras & Chabrier 2019; Wahl et al. 2017). The534

global distribution of heavy elements – and the extent to which tropospheric abundances are repre-535

sentative of a bulk planetary inventory – thus remain outstanding questions for observational and536

theoretical study.537

Atmospheric abundances for Jupiter and Saturn are given in Table 5, derived mostly from538

ground- and spacecraft-based infrared observations (in particular, Voyager 1-2, Galileo, and Juno539

to Jupiter; Voyager 1-2 and Cassini to Saturn). The Galileo entry probe also provided in situ mass540

spectrometer measurements of Jupiter’s atmosphere down to 22-bar level, showing element-to-H2541

enrichments of∼ 2−4× relative to a protosolar composition for C, N, S, Ar, Kr, and Xe (Mahaffy542

et al. 2000; Wong et al. 2004) and depletions in others (Ne, He, and O; see Figure 6). However,543

the entry probe entered Jupiter’s atmosphere in a “hot-spot” region characterized by low cloud544

opacity, low abundances of cloud-forming species, high thermal (5 µm) emission, and a water545

abundance that was still increasing with depth when the probe signal was lost. More recently,546

microwave observations (which probe as deep as ∼100 bar) by the Juno spacecraft suggest a deep547

H2O abundance of 2500 ppm, corresponding to an oxygen enrichment roughly similar to that for548

other heavy elements (e.g., see Figure 6; Li et al. 2017; Li et al. 2020). On both planets, the549

depletion in He relative to a protosolar composition is attributed to the removal of He from the550

molecular envelope into the metallic H-He layer. A similar effect is observed for Ne on Jupiter,551

plausibly due to the incorporation of Ne into He droplets separating out of H-He metal (Roulston552

& Stevenson 1995; Fortney & Hubbard 2003).553

A number of species condense in the upper tropospheres of both planets, producing (from the554

bottom up) an H2O cloud consisting of aqueous solution and/or water ice, ammonium hydrosul-555

fude (NH4SH), and NH3 ice (see Figure 4). Each cloud layer removes condensible species from556

the atmosphere and introduces cloud particles that contribute to opacity. For example, the bright557

zones of Jupiter’s banded structure appear to be caused by icy NH3 clouds. Removal by cloud558

formation also explains the low observed abundances of NH3, H2O, and H2S in the stratosphere559

and upper troposphere Saturn, at altitudes above the condensation levels for each of these species.560

Abundance estimates from microwave observations predict higher abundances of NH3, H2O, and561
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Figure 6: Observed element abundance inventories in the giant planets relative to a protosolar-
composition gas (dotted line). Protosolar abundances are derived from Lodders (2020) assuming
H as H2, C as CH4, N as NH3, O as H2O, P as PH3, and S as H2S. A limited number of elements are
shown for Saturn (H, He, C, P), Uranus (H, He, C), and Neptune (H, He, C), as other species remain
undetected or have been removed by condensation in the upper troposphere. For Jupiter, the H2O
abundance measured by the Galileo Probe Mass Spectrometer (GMPS) (Wong et al. 2004) and the
Juno Microwave Radiometer (JMWR) (Li et al. 2017; Li et al. 2020) are shown for comparison.

H2S at pressures between 5-10 bar, below their respective cloud layers (de Pater & Mitchell 1993).562

Heavy element abundances in Saturn’s deep atmosphere are thus estimated from measurements of563

CH4 and PH3 (e.g., Visscher & Fegley 2005), which show element-to-H2 enhancements of∼7-9×564

relative to a protosolar composition.565

The equilibrium condensate model was first developed to explain and identify tropospheric566

cloud formation of H2O, NH4SH, and NH3 cloud layers on Jupiter and Saturn (Lewis 1969; Lewis567

& Prinn 1970; Weidenschilling & Lewis 1973; Atreya et al. 1996; Gierasch et al. 2000; Ingersoll568

et al. 2000). Additional cloud condensates (including, for example, Fe metal and Mg-silicates) are569

expected to form at higher pressures and temperatures in the deep atmospheres of both planets.570

This scenario is supported by several lines of evidence (e.g., see Lodders & Fegley 1994, 2006;571

Visscher et al. 2010a), including the detection of GeH4 and absence of SiH4 on Jupiter and Sat-572

urn (although ASi > AGe), presumably due to the removal of Si into silicate clouds deeper in the573

amosphere, and by the detection of H2S in Jupiter’s atmosphere by the Galileo entry probe, which574

suggests removal of Fe into a deep cloud layer, as FeS formation would otherwise remove S from575

the gas phase above the ∼700 K level (because AFe > AFe; Fegley & Lodders 1994; Lodders &576

Fegley 2002; Visscher et al. 2006). Assuming uniform protosolar elemental abundance ratios (e.g.,577

Si/O), the condensation of rock-forming elements in the deep atmosphere sequesters∼ 20% of the578

total oxygen inventory in a protosolar-composition gas (Lodders 2004; Visscher & Fegley 2005;579

Visscher et al. 2010b; Lodders 2020), with the remainder mostly present as water vapour until H2O580
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itself condenses in the upper troposphere.581

A number of tropospheric species are present in abundances much greater than predicted by582

thermodynamic equilibrium. The two main disequilibrium processes in giant planet atmospheres583

are584

• transport-induced quenching, which occurs when atmospheric mixing occurs faster than585

chemical reactions can act to maintain equilibrium, and586

• photochemistry, which occurs when molecules are broken apart by stellar UV radiation that587

triggers subsequent chemical reactions.588

The role of quench chemistry was first demonstrated for CO on Jupiter (Prinn & Barshay 1977).589

For species such as CO, PH3, GeH4, and AsH3, observed abundances far in excess of thermody-590

namic predictions suggest rapid vertical mixing from warmer, deeper levels where each species has591

a greater abundance at an equilibrium maintained by fast reaction kinetics. However, departures592

from equilibrium occur at higher, cooler altitudes when vertical mixing occurs faster than chemical593

reactions can maintain equilibrium, effectively “quenching” the abundance of a molecular species594

at a fixed value throughout the upper troposphere (e.g., see Prinn & Barshay 1977; Fegley & Prinn595

1985; Fegley & Lodders 1994; Visscher & Moses 2011; Wang et al. 2016; Visscher 2020). The596

behavior of these quenched species thus provides clues about the chemical composition down to∼597

kilobar levels in giant planet atmospheres (Giles et al. 2017a; Grassi et al. 2020; Visscher 2020).598

Photochemistry also plays an important role in the stratosphere and upper troposphere of the599

gas giant planets. For example, short wavelength ultraviolet photons (. 100 nm) are absorbed by600

H2 photolysis in the upper stratosphere:601

H2
hν−→ 2H. (74)

Methane is photolyzed (at ∼ 100−200 nm) in the lower stratosphere via reactions such as

CH4
hν−→ CH3 +H, (75)

CH4
hν−→ 1CH2 +H2, (76)

CH4
hν−→ CH+H2 +H. (77)

The products of these photolysis reactions can then combine in various ways to produce heavier
hydrocarbons including C2H2, C2H4, C2H6, C4H2, and CH3C2H, many of which have been ob-
served in the upper atmospheres of the giant planets (e.g., see Gladstone et al. 1996; Moses et al.

31



2000, 2005). For example, key reactions for the production of C2 species include

2CH3
M−→ C2H6, (78)

CH+CH4→ C2H4 +H, (79)

2CH2→ C2H2 +H2, (80)

which can undergo additional photolysis and recombination reactions to produce higher hydrocar-602

bons. The products of hydrocarbon photochemistry diffuse downward and are eventually recycled603

back into CH4 at deeper, warmer levels in the atmosphere, so that there is no net loss of methane604

with time.605

Most UV photons are absorbed by H2 photolysis in the upper stratosphere and CH4 photolysis
in the lower stratosphere via the reactions above. However, longer wavelength UV photons (> 150
nm) may penetrate into the upper troposphere to drive additional photochemical reactions involving
NH3, PH3, and (to a lesser extent) H2S:

NH3
hν−→ NH2 +H, (81)

PH3
hν−→ PH2 +H, (82)

H2S hν−→ SH+H. (83)

Each of these reactions produces H atoms and a reactive radical that leads to the formation of606

additional N, P, and S species, respectively, eventually producing condensates such as hydrazine607

(N2H4), red phosphorus (P4; identified as a chromophore candidate for the Great Red Spot; Prinn &608

Lewis 1975), and elemental sulfur (S8; a yellow chromophore candidate). Moreover, coupled NH3-609

PH3 photochemistry (and to a lesser extent CH3-NH3 chemistry that may produce the observed610

HCN) occurs because these gases absorb UV photons at similar atmospheric levels. Tropospheric611

photochemistry is thus a potential source of aerosols and chromophores in the upper atmospheres612

of Jupiter and Saturn (e.g., Atreya et al. 1977; Kaye & Strobel 1983, 1984; Edgington et al. 1998,613

1999; West et al. 2007; Visscher et al. 2009), although the specific composition of chromospheric614

compound(s) remains unresolved.615

5.2 Uranus and Neptune616

Uranus (discovered in 1781 by Sir William Herschel) and Neptune (discovered in 1846 by Johann617

Galle, based upon the predictions of Urbain LeVerrier) are the only major planets in our Solar618

System not known from antiquity. Compared to Jupiter and Saturn (and lacking the extent of grav-619

itational compression found on Jupiter), the relatively higher densities of Uranus (1.33 g cm−3) and620

Neptune (1.64 g cm−3) suggest a bulk composition with a greater proportion of heavy elements621
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relative to H and He. Although CH4 and molecular H2 and a number of other planetary properties622

had been detected in both planets from ground-based observations in the early and mid-20th cen-623

tury (e.g., see Adel & Slipher 1934; Kuiper 1952; Herzberg 1952; Trafton 1981; Bergstralh 1984),624

our understanding of the atmospheric chemistry of Uranus and Neptune was greatly advanced by625

the Voyager 2 flybys of Uranus in 1986 and of Neptune in 1989 (e.g., for reviews see Fegley et al.626

1991; Gautier et al. 1995; Moses et al. 2020).627

The observed atmospheric abundances for Uranus and Neptune are given in Table 5. Notably,628

radio occultation and infrared spectroscopic measurements by Voyager 2 indicate He/H ratios on629

both planets that are roughly similar to the protosolar value (Conrath et al. 1987, 1991). This is630

higher than observed on Jupiter and Saturn, because Uranus and Neptune lack any H-He metallic631

layer (their interior pressures are too low) that could give rise to He differentiation. Instead, interior632

models of Uranus and Neptune generally include a core of rocky material, an overlying ionic/fluid633

mantle with abundant ice-forming elements (C, N, O), and an outer molecular H2-He-CH4 enve-634

lope (e.g., see Figure 5 and Stevenson 1982).635

Large enrichments in heavy elements are likewise demonstrated by the high measured CH4636

abundance on each planet, which is 50-100× the CH4/H2 abundance ratio in a protosolar compo-637

sition gas. The preferential absorption of red light by methane is responsible for the characteristic638

blue color of each planet. The atmospheres of Uranus and Neptune are also cold enough to yield639

CH4 (and possibly H2S) cloud formation in the upper troposphere, consistent with ground-based640

and Voyager 2 observations of aerosols and hazes in atmospheres that are otherwise relatively clear641

over a large range of observable altitudes (e.g., Smith et al. 1989; Stone & Miner 1989; West et al.642

1991; Baines et al. 1995). Enhancements for other heavy elements (N as NH3, O as H2O, etc) are643

anticipated but not observed, plausibly due to their removal into clouds and/or sequestration into644

an ionic fluid layer deeper in the atmosphere.645

As for Jupiter and Saturn, stratospheric CH4 photochemistry on Uranus and Neptune produces646

a number of hydrocarbon products including CH3, C2H2, C2H4, C2H6, C4H2, and CH3C2H, sev-647

eral of which have been observed on both planets (e.g., see Table 5 and review in Moses et al.648

2020). These products are also susceptible to ultraviolet photolysis and condensation, contribut-649

ing to haze formation in the lower stratosphere (e.g., Romani & Atreya 1988; Summers & Stro-650

bel 1989; Moses et al. 1992, 1995). In the troposphere, longer-wavelength ultraviolet radiation651

is expected to efficiently photolyze PH3 and may lead to the production of P2H4 (Teanby et al.652

2019). However, coupled C-N or P-N is not expected to play a significant role given the low653

upper-tropospheric abundance of NH3.654

Uranus displays a number of unique properties that are relevant for its atmospheric chemistry,655

including an obliquity of 97.9◦between its rotation axis and orbital plane. Despite large variations656

in insolation over the course of a Uranian year, seasonal effects on hydrocarbon photochemistry657

are minimized due to poor mixing and long chemical lifetimes in the stratosphere (Moses et al.658
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2018). The internal heat flux from Uranus is also either very weak or nonexistent compared to the659

other giant planets, with a ratio of thermal radiation to absorbed solar energy of 1.06±0.08 (Pearl660

et al. 1990). This heat source is plausibly explained by radiogenic heating from a ∼ 5ME rocky661

core of chondritic composition (Pearl et al. 1990; Podolak et al. 1991).662

For comparison, Neptune emits 2.6×more radiation than it receives from the Sun (2.61±0.28;663

Conrath et al. 1991), which may drive more efficient tropospheric mixing than on Uranus. This664

behavior is consistent with differences the observed CO abundance on each planet: an upper limit665

of < 40 ppb on Uranus but as high as ∼1 ppm on Neptune. Although the detection of CO in666

the stratosphere suggests an external source of CO, tropospheric CO has generally been attributed667

to an internal source. As demonstrated by Lodders & Fegley (1994) the observed disequilibrium668

abundance of CO may thus provides estimates of the oxygen abundance (as H2O) in the deep669

atmosphere, via the net thermochemical reaction670

CH4 +H2O� CO+3H2. (84)

For a given CH4 abundance, the quenched abundance of CO mixed into the upper troposphere de-671

pends CH4-CO reaction kinetics, the rate of vertical mixing, and the deep H2O abundance: more672

H2O yields more CO. Following the conceptual approach of Prinn & Barshay (1977), chemical673

timescale and kinetics and transport modeling approaches yield constraints on the deep oxygen674

inventory of 250–650× protosolar on Neptune and an upper limit of < 45− 260× protosolar on675

Uranus (e.g., Fegley & Prinn 1985, 1986; Lodders & Fegley 1994; Cavalié et al. 2017; Moses et al.676

2020). Similar transport-induced quenching could also yield disequilibrium abundances of other677

carbon- and nitrogen-bearing species such as CO2, N2, and HCN (detected at 0.3 ppb on Neptune)678

in the upper atmospheres of both planets, which would provide better constraints on atmospheric679

mixing processes. Improved estimates of the CO tropospheric abundance on Uranus would allow680

for improved constraints on the deep water abundance and differences between the deep compo-681

sitions of Uranus and Neptune, which – along with interior structures – remain poorly known. In682

general, the element abundance inventories of the giant planets appear to show increasing heavy683

element enrichment and increasing O/C abundance ratios moving outward in the solar system,684

suggestive of significant H2O and heavy element enrichments on Uranus and Neptune. Such abun-685

dance trends thus may serve as a key constraint for models describing the formation and evolution686

of such “ice giant” planets both inside and outside our solar system.687
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Oxford University Press693
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