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INTRODUCTION
The present climate of Venus is controlled by an efficient carbon dioxide–water greenhouse effect and by the radiative properties of its global cloud cover. Both the greenhouse effect and clouds
are sensitive to perturbations in the abundance of atmospheric water vapor and sulfur gases. Planetary-scale processes involving the
release, transport, and sequestering of volatiles affect these abundances over time, driving changes in climate.
We have developed a numerical model of the climate evolution of Venus. Atmospheric temperatures are calculated using a
one-dimensional two-stream radiative–convective model that treats
the transport of thermal infrared radiation in the atmosphere and
clouds. These radiative transfer calculations are the first to utilize high-temperature, high-resolution spectral databases for the
calculation of infrared absorption and scattering in Venus’ atmosphere. We use a chemical/microphysical model of Venus’ clouds
to calculate changes in cloud structure that result from variations
in atmospheric water and sulfur dioxide. Atmospheric abundances
of water, sulfur dioxide, and carbon dioxide change under the influence of the exospheric escape of hydrogen, outgassing from the
interior, and heterogeneous reactions with surface minerals.
Radar images from the Magellan mission show that the surface
of Venus has been geologically active on a global scale, yet its sparse
impact cratering record is almost pristine. This geologic record on
Venus is consistent with an epoch of rapid plains emplacement 600–
1100 Myr ago. Our models show that intense volcanic outgassing
of sulfur dioxide and water during this time would have resulted in
the formation of massive sulfuric acid/water clouds and the cooling
of the surface for 100–300 Myr. The thick clouds would have subsequently given way to high, thin water clouds as atmospheric sulfur
dioxide was lost to reactions with the surface. Surface temperatures
approaching 900 K would have been reached 200–500 Myr after the
onset of volcanic resurfacing. Evolution to current conditions would
have proceeded due to loss of atmospheric water at the top of the
atmosphere, ongoing low-level volcanism, and the reappearance of
sulfuric acid/water clouds. We find that the maintenance of sulfuric acid/water clouds on Venus today requires sources of outgassed
sulfur active in the past 20–50 Myr, in contrast with the 1.9 Myr
as determined from geochemical arguments alone (B. Fegley and
R. G. Prinn 1989, Nature 337, 55–58). °c 2001 Academic Press
Key Words: Venus, atmosphere; Venus, surface; atmospheres,
evolution.

The Climate of Venus
At present the globally averaged surface temperature of Venus
is 735 K, with a 92-bar carbon dioxide–nitrogen atmosphere. An
efficient greenhouse effect prevails, sustained by an atmosphere
whose major constituent is a powerful infrared absorber. Liquid
water is nonexistent, although its vapor exists in feeble amounts
in the atmosphere. A menagerie of gaseous sulfur species, along
with what water there is, provide fodder for the globally encircling sulfuric acid cloud decks (Esposito et al. 1983). The
remarkably alien and hostile conditions of the atmosphere are
maintained by a special relationship between the physical properties of its constituents. Water, to a large extent, absorbs infrared radiation at wavelengths that carbon dioxide does not
(Sagan 1960). Similarly, sulfur dioxide and other sulfur gases
absorb preferentially in carbon dioxide–water infrared windows
(Pollack et al. 1980a). These same radiatively active species, in
their trace amounts, are exhaled by volcanoes, sustain the clouds,
escape to space, and are most likely involved in reactions with
surface rocks (Prinn 1985a,b; von Zahn et al. 1983). All these
processes are temperature and concentration-dependent, and it
is very likely that complex interactions among them influence
the climate of Venus (Bullock and Grinspoon 1996).
This work has been motivated by the following questions:
Was Venus hotter at some time in the past than it is today? Or,
alternatively, could Venus have been cooler, inhabiting a stable climate regime significantly different from what we see at
present? How stable is the current Venus climate, and how might
perturbations such as volatile outgassing, exospheric escape, and
surface/atmosphere interactions alter it? The pristine impact cratering record, superposed on a surface of extensive volcanism,
suggests that the atmosphere may have been injected with large
quantities of radiatively active volatiles during a nearly global
epoch of rapid plains emplacement. The steady decline of water vapor on short timescales due to exospheric escape of hydrogen (Donahue and Hodges 1992, Grinspoon 1993) implies
that Venus may have had 100 times as much atmospheric water
800 Myr ago than it does today. Heterogeneous reactions with

19
0019-1035/01 $35.00
c 2001 by Academic Press
Copyright °
All rights of reproduction in any form reserved.

20

BULLOCK AND GRINSPOON

the surface, in seeking equilibrium, may have supplied or taken
up large quantities of volatiles over timescales on the order of
100 Myr.
As an example, the steady loss of atmospheric water on geologically short timescales (80–300 Myr) can readily influence
the efficiency of the Venus greenhouse. Water abundance at the
cloud tops, however, influences cloud production through the
hydrolysis of sulfur trioxide (produced by the photochemical
oxidation of sulfur dioxide) to form sulfuric acid aerosols. Less
atmospheric water may tend to decrease the greenhouse effect
and hence surface temperatures, but it may also result in thinner
clouds. Thinner clouds mean a lower planetary albedo, more solar flux delivered to the atmosphere and surface, and therefore
higher surface temperatures. Atmospheric radiative–convective
equilibrium and cloud albedo are coupled in a complex way on
Venus. Atmospheric regimes, defined by the abundances of water and sulfur dioxide, probably exist where there is a negative
feedback between radiative–convective equilibrium and cloud
albedo, providing stability to the climate. This may be the case
for present Venus. However, there are probably values for these
parameters for which a positive feedback exists, causing Venus’
climate to undergo dramatic change.
Other feedbacks must also exist for Venus’ climate as a result
of processes that either supply volatiles to the atmosphere or remove them. Prinn (1985a,b; von Zahn et al. 1983) first pointed
out that the Venus climate could have been affected by changes
in cloud structure induced by periods of intense volcanism and
variations in atmospheric SO2 and H2 O. Outgassing of radiatively important volatiles by volcanoes provides the means to
alter atmospheric water and sulfur dioxide, and the potential to
shift atmospheric temperatures into new regimes of radiative–
convective/cloud albedo feedback. Because the Venus greenhouse is particularly sensitive to changes in absorbers that are
active in carbon dioxide thermal infrared windows, wide excursions in temperature and cloud structure are possible, especially
with a rapid, globally extensive epoch of volcanic activity.
Communication of volatiles between the surface and atmosphere on Venus may also occur due to kinetically favored heterogeneous reactions at high surface temperatures and pressures. Atmospheric sulfur dioxide reacts quickly (relative to
geologic timescales) with carbonates under current conditions
(Fegley and Prinn 1989, Fegley and Treiman 1992). As with
the Clausius–Clapeyron equation for water phase changes on
the Earth, equilibrium abundances in the Venus atmosphere due
to reactions with minerals are exponential functions of temperature. The greenhouse effect and the clouds are influenced by
changes in atmospheric sulfur dioxide, whose abundance in turn
depends on the surface temperatures it helps force.
The effects of a constant volcanic outgassing of volatiles
on the pressure and temperature of the atmosphere of Venus
and subsequent mineral stability have been modeled previously
(Zolotov 1992). In this work, changes in the greenhouse effect
due to alterations in atmospheric CO2 abundance were calculated, although the more important greenhouse gases H2 O and

SO2 were not considered except for their effects on mineral and
atmospheric chemistry (the effects of clouds were also not considered). Zolotov (1996) extended this analysis to include the
climatic effects of a globally extensive epoch of volcanism. Additional work along these lines (Zolotov 1995a,b) that focused
on the temporal changes of mineral stability fields as a result
of climate change suggests the rich connections between surface/atmosphere interactions and climate on Venus.
The possibility of excursions in surface temperature has implications for the geology and geophysics of Venus. Mantle
convection models, which use surface temperature as a boundary condition, have sought to explain the thermal history of
Venus in a manner consistent with the observed impact cratering
record (Arkani-Hamed et al. 1993, Herrick and Parmentier 1994,
Parmentier and Hess 1992, Turcotte 1993, 1995). The propagation of thermal waves into the mantle due to changes in surface
temperature may have been responsible for alterations in mantle
convection dynamics, which in turn could have affected surface
geological expression and outgassing of volatiles to the atmosphere. Although the coupled evolution of climate and interior
has not yet been investigated in any detail, the possibility of
interior/atmosphere feedbacks is an intriguing one for the thermal and climatic evolution of Venus (Phillips and Hansen 1998).
There may be some geological evidence for past climate
change on Venus. Striking surface features are observed in
Magellan images that resemble fluvial landforms on Earth and
Mars more than they resemble volcanic features (Kargel et al.
1994). Venusian canali, up to 7000 km long, exhibit features similar to meandering river channels and flood plains on Earth. Many
are terminated by outflow channels that resemble river deltas.
Chemical equilibrium with the atmosphere makes it likely that
the upper crust contains large amounts of calcite, anhydrite, and
other salts. These salts could melt at temperatures of a few tens
to hundreds of Kelvins higher than Venus surface temperatures
today. Kargel et al. (1994) hypothesize that a molten carbonatite
(salt-rich) “aquifer” may currently exist beneath a few hundred
meters to several kilometers of solidified salt-rich “permafrost.”
Moderately higher surface temperatures in the past could have
mobilized a vast reservoir of liquid, producing the fluvial features we see today.
The origin of crustal plateaus, which contain the oldest surface features seen on Venus (the tessera), is currently a subject of
intense investigation. Structural analyses of the tessera indicate
that crustal plateaus were formed by the extension of hot crust,
indicating an uplift and stretching origin consistent with a mantle
plume source (Phillips and Hansen 1998). Phillips and Hansen
concluded that the most likely mechanism for the production of
these tectonic features was an epoch of elevated surface temperatures during their formation.
Recently, it has been suggested that temporal variations in
climate and tectonic deformations of the crust may be strongly
coupled (Solomon et al. 1999). They note that widespread volcanic plains preserve globally coherent episodes of deformation that may have occurred over short intervals of geological
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FIG. 1. Wrinkle ridges trending NW–SE in Rusalka Planitia, from Magellan radar images. The image is from MIDR F-05N177, has a resolution of 600 m/
pixel, and is approximately 300 km across. It is centered at 3.7◦ N, 176.8◦ E.

history (Basilevsky and Head 1996, Head and Basilevsky 1998,
Sandwell et al. 1997). In particular Solomon et al. (1999) hypothesize that stresses induced in the lithosphere due to excursions in surface temperature and the downward propagation
of the resulting thermal wave would have been superposed on
the gravitational stresses associated with topography and lateral
variations in lithospheric structure. This is consistent with the
observation that wrinkle ridge orientations on the plains record
the gravitational stress field, but also explains the narrow, globally synchronous time interval (10–100 Myr) in which they were
formed. An example of the globally ubiquitous plains wrinkle
ridge units is shown in a Magellan SAR image in Fig. 1.
Theoretical Approach to Modeling the Climate
Evolution of Venus
Recent developments have made it possible to refine theoretical models of the Venus climate and its recent evolution. Most
importantly, the Magellan mission has given us a detailed picture of the surface geology, providing important constraints on
the magnitude and timing of volatile outgassing (Bullock et al.
1993, Namiki and Solomon 1998, Saunders et al. 1992). Laboratory experiments on the thermodynamics and kinetics of heterogeneous reactions under Venus-like conditions have yielded
important insights into the role that surface/atmosphere reactions may play on a global scale (Fegley et al. 1995, Fegley and
Treiman 1992). Groundbased observations of the night side of
Venus in near-infrared windows have allowed for the retrieval of
trace species abundances in the deep atmosphere (Bezard et al.
1990, de Bergh et al. 1995, Meadows and Crisp 1996, Pollack
et al. 1993). The Galileo spacecraft, during a swingby of Venus
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on its way to Jupiter, improved our understanding of cloud characteristics and variability with high spatial resolution images of
the disk in the infrared (Carlson et al. 1993, Grinspoon et al.
1993). Finally, improvements in spectral databases, particularly
for high-temperature water and carbon dioxide, have become
available and permit more accurate modeling of infrared radiative transfer in the atmosphere of Venus (Rothman et al. 1998).
This paper provides the first synthesis of these results into a
detailed model of climate interactions on Venus.
We investigate the recent evolution of Venus’ climate by quantifying the relationships between atmospheric species in the atmosphere, cloud structure, and the radiative balance of energy
in the atmosphere. We have developed numerical models of the
Venus greenhouse effect and cloud structure that employ the best
available spacecraft and groundbased data, spectral databases,
and laboratory measurements. The newly available spacecraft
and laboratory-derived data mentioned above have now made it
possible to model the magnitude and temporal behavior of geological sources of volatiles, possible heterogeneous reactions
between the surface and atmosphere, and exospheric escape processes. We have developed numerical models for these as well,
which serve as time-dependent drivers for the combined radiative transfer–cloud atmospheric model. Specifically, the theoretical work we present has been designed to provide answers to
the following questions:
1. How do variations in atmospheric water and sulfur dioxide
affect cloud structure and planetary albedo? How do these, in
turn, affect the temperature at the surface?
2. How does the equilibration of atmospheric sulfur dioxide
with surface minerals affect cloud structure and surface temperature, and over what timescales?
3. How have changes in atmospheric water abundance due
to exospheric escape of hydrogen and volcanic outgassing affected cloud structure and surface temperature, and over what
timescales?
4. What was the effect on Venus’ cloud structure and surface temperature of an epoch of rapid plains emplacement by
widespread, global volcanism?
RADIATIVE TRANSFER IN THE ATMOSPHERE OF VENUS

Atmospheric Radiative–Convective Equilibrium Model
The goal of the Venus atmospheric radiative transfer model
is to accurately describe the transport and balance of energy
within the atmosphere. Ultimately, the model should predict
thermal infrared fluxes, temperature structure, heating rates,
and stability structure consistent with spacecraft and groundbased observations. In addition, the model must be flexible and
fast enough to predict these quantities with respect to variations in solar flux and atmospheric composition as they may
change over time. To this end, we have chosen to develop a
one-dimensional, two-stream model of infrared radiative transfer that employs correlated-k gaseous absorption coefficients to
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describe the spectral properties of the gases (Lacis and Oinas
1991). The HITRAN 1996 and HITEMP databases provided
high-resolution spectral data (from laboratory and theoretical
work) for nine molecular species found in Venus’ atmosphere:
CO2 , H2 O, SO2 , CO, OCS, HDO, H2 S, HCl, and HF (Rothman
et al. 1997). Atmospheric abundances for most of these species
were taken from the Venus International Reference Atmosphere
(VIRA) (Kliore et al. 1986), with H2 O abundances updated
by more recent retrievals from Earth-based near-infrared spectroscopy (Crisp et al. 1991, de Bergh et al. 1995, Meadows and
Crisp 1996, Pollack et al. 1993). Correlated-k absorption coefficients for 68 spectral intervals in the infrared were interpolated
in pressure and temperature from tabulated line-by-line calculations of the HITRAN 1996 and HITEMP databases. These
cumulative absorption probabilities were convolved with atmospheric mixing ratios to calculate the gaseous absorption of the
Venus atmosphere. Continuum opacity due to CO2 pressureinduced transitions (Moskalenko et al. 1979) and H2 O continuum (Liou 1992) were also included, as was Rayleigh scattering
by CO2 and N2 (van de Hulst 1981). Cloud aerosol size modes
and number densities were derived from analysis of the Pioneer
Venus nephelometer data (Knollenberg and Hunten 1980). Optical data for H2 SO4 / H2 O aerosols (Palmer and Williams 1975)
were used in Mie calculations to determine aerosol extinction
optical depths, single-scattering albedos, and scattering asymmetry factors due to cloud particles (Hansen and Travis 1974).
For the purpose of modeling the present Venus atmosphere,
solar net fluxes from the Pioneer Venus flux radiometer were
used as a constraint (Tomasko et al. 1980). Infrared flux calculations used the hemispheric mean approximation, appropriate to an emitting, highly absorbing, and scattering atmosphere
(Toon et al. 1989). Use of the correlated-k method involves mapping the wavenumber dependence of absorption coefficients to a
smooth probability function for the absorption coefficients. Integration of the flux equations within each spectral interval over
this probability space was achieved using an 8-point Gaussian
integration (Abramowitz and Stegun 1965, Arfken 1985). To
calculate radiative equilibrium, net infrared fluxes that balanced
the observed solar net flux profile were determined, using an
iterative variational method (McKay et al. 1989, Pollack et al.
1980b). Calculations were done with 24 atmospheric layers, with
initial values from VIRA (Kliore et al. 1986). Convection was
treated by taking the radiative equilibrium temperature profile
and adjusting the lapse rate to be adiabatic wherever the radiative equilibrium lapse rate exceeded the adiabat (McKay et al.
1989). For calculational efficiency (and because the details of
Venus’ atmospheric structure at other epochs must be largely
unknown), we assumed only one convection zone to be present
in the Venus atmosphere.
The calculations of atmospheric temperature structure for
other atmospheres, i.e., different cloud albedo and atmospheric
composition, were accomplished by assuming that solar absorption was altered only by changes in cloud albedo. Pioneer
Venus solar absorption profiles were used, scaled to cloud albedo

calculated from a simple gray two-stream calculation of solar
energy scattering and absorption (from 0.4 to 1.5 µm) within
the clouds. Cloud-top altitudes are mostly controlled by pressure, so we scaled the Pioneer Venus absorption profiles in
pressure.
Results of the Venus Radiative–Convective Equilibrium
Atmospheric Model
The temperature as a function of altitude, as calculated
by the nominal model, is shown in Fig. 2. Plotted along with it
is the VIRA atmospheric temperature profile. They are matched
extremely well everywhere except above 70 km. As noted by
some workers (Crisp 1986, Tomasko et al. 1980), some extra
source of opacity above the cloud tops is necessary in models to
accurately predict the upper atmosphere temperature structure.
Additionally, UV deposited in the atmosphere, mostly above
70 km, has not been accounted for since the net solar fluxes
used from Pioneer Venus have a cutoff at 0.4 µm (Tomasko
et al. 1980). The addition of small numbers (20 cm−3 ) of large
(r = 3.65 µm, also known as Mode 3) particles above 65 km,
with a scale height of 4 km, was necessary to achieve this excellent agreement between the Venus radiative transfer model and
the VIRA temperature structure.
Calculated outgoing infrared radiation from the top of Venus’
atmosphere is shown in Fig. 3. Also plotted is the Planck function at 232 K, the approximate temperature at which the Venus
atmosphere emits. Less flux is being emitted at 666 cm−1 due to
the 15-µm CO2 band; the atmosphere is absorbing in this band
above the average level of the 232-K emission. A major departure from the 232-K Planck function is the excess net flux emitted
in the CO2 window region 2.1 to 2.6 µm. Although opacity due
to the CO2 continuum and 2.3-µm CO band contribute here, the
peak of the Planck function near the surface is at a longer wavelength (4 µm). This illustrates a natural limit to extreme rises in
surface temperature on Venus. Raising the surface temperature

FIG. 2. Temperature profile calculated from the Venus radiative transfer
model (solid line). For comparison, the Venus International Reference Atmosphere is plotted with a dashed line (Kliore et al. 1986).
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FIG. 3. Outgoing thermal infrared fluxes in cgs units as a function of
wavenumber from the Venus radiative transfer model (solid line). The dashed
line is the Planck function evaluated at the effective radiating temperature of
Venus, 232 K. At the top are lines indicating the major absorption bands of
CO2 , H2 O, SO2 , and OCS.

would shift emission into this window, decreasing the efficiency
of the greenhouse effect and limiting a further rise in surface
temperature. However, trace species in the Venus atmosphere
play a key role in this window 2.1 to 2.6 µm. The vibrational
first harmonic of CO is located at 2.3 µm, and OCS has a strong
band at 2.4 µm. Variations in abundances of these constituents
could strongly influence absorption within this CO2 window.
ATMOSPHERIC CHEMISTRY AND CLOUDS

Cloud Model
The photo-assisted reaction of atmospheric H2 O and SO3 ,
derived by oxidation of SO2 , produces fine aerosols of H2 SO4
in the Venus middle atmosphere. These aerosols are produced
at 62–68 km, and sediment and grow into four distinct size
modes at lower levels (Krasnopolsky and Parshev 1983, Yung
and DeMore 1982). Within the cloud, H2 O and H2 SO4 are approximately in chemical equilibrium with their aerosols. Below,
at higher temperatures, all the aerosols have evaporated, and only
SO2 vapor remains. The evaporation of H2 SO4 occurs at about
48 km, the average cloud base. The vapor phase continues to
exist down to 432 K (38 km), where it is thermally decomposed.
The reservoir of H2 SO4 vapor below the cloud base provides
a source for the formation by condensation of the lower cloud
particles (James et al. 1997, Krasnopolsky and Pollack 1994).
At the conditions of the upper cloud, H2 O condensation is favored slightly over H2 SO4 . Because of the steeper dependence of
vapor equilibrium on temperature (via the Clausius–Clapeyron
equation) of H2 O, less of it in the atmosphere is vapor at higher
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levels. The result is that hydrogen “jumps ship” from H2 O vapor
to H2 SO4 vapor, and the above-cloud atmosphere is dry, at 1 ppm
H2 O. The H2 O vapor mixing ratio increases with depth into the
clouds as H2 SO4 vapor decreases. We assume the abundance of
the important sulfur gases, SO2 and OCS, vary within the cloud
in equilibrium with the changing H2 SO4 abundance. We also
assume that SO3 below the clouds, the product of H2 SO4 thermal decomposition, is reduced by CO, causing a decline in CO
abundance toward the surface (Krasnopolsky and Pollack 1994).
SO2 levels at cloud top are about 20 ppb (Esposito 1984). In the
lower atmosphere, Pioneer Venus and Venera 11/12 measurements indicated a value of 150 ppm (von Zahn et al. 1983), while
an analysis of Vega 1 and 2 descent probe data implied SO2 abundances decreasing to approximately 25 ppm near 12 km (Bertaux
et al. 1996). Rich in oxidized sulfur, Venus’ lower atmosphere
should react with surface rocks. Calcium silicates are persuaded
to alter to calcium sulfates, especially at the high temperatures
of Venus’ surface (Fegley and Treiman 1992).
Changes in the thickness of Venus’ clouds will have two effects on climate. They will alter the visual albedo of the planet,
changing the input of solar energy, and they can alter the thermal
infrared opacity of the mid atmosphere, affecting the temperature in the atmosphere and at the surface. What is needed is
a simple cloud model that can respond to changes in the atmospheric abundances of H2 O and SO2 , and predict changes
in cloud structure, infrared opacity, and albedo. Cloud particle
number density, size, and composition are rarely limited or even
controlled in real cloud systems by the concentration of condensible species in the atmosphere. On Earth, the competition between nucleation, condensation, coagulation, evaporation, and
sedimentation of water aerosols is largely controlled by the magnitude of vertical motions. Cloud formation on the Earth always
requires atmospheric lifting; a relatively dry atmosphere with
large vertical motion can have clouds, while a humid, stagnant
atmosphere may not. For a given water vapor height profile,
more vigorous vertical motions result in a denser, thicker cloud.
On present-day Venus, 1/1000 of the available atmospheric
SO2 has hydrated and condensed with 1/100 of the available
H2 O to form the H2 SO4 /H2 O aerosols that make up the clouds.
We have combined an adaptation of a thermochemical model of
Venus’ cloud aerosols (Krasnopolsky and Pollack 1994) with a
simple microphysical cloud model. Diffusion and condensation
of H2 SO4 /H2 O aerosols in Venus’ cloud layers are used to compute the position of the lower cloud boundary, profiles of H2 O
and H2 SO4 vapor mixing ratios, and the flux and composition of
H2 SO4 /H2 O aerosols as a function of the column photochemical
production rate of H2 SO4 .
The number densities and sizes of aerosols, according to
the cloud microphysics in the model, are mostly controlled by the
upward flux of H2 SO4 vapor. The greater the flux, the thicker the
cloud. This vapor flux is partly a function of atmospheric H2 SO4
concentration, but it is also a function of the concentration gradient, established by the altitude of the lower cloud boundary
(set by the condensation temperature) and the altitude at which
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photochemical aerosol products are formed (set by pressure).
Since these altitudes are determined by radiative–convective
equilibrium in a feedback with the optical properties of the
clouds, there is no simple relationship (such as mass balance,
which only addresses the maximum possible extent of the clouds)
between the abundances of SO2 , H2 O, and the density of the
clouds.
Our cloud model is similar to that employed by Hashimoto
and Abe (1996) to investigate the evolutionary implications of
cloud albedo changes on Venus. H2 SO4 vapor is produced photochemically within a narrow region of the upper cloud, at approximately 160 mbars. The top of this upper layer is designated
zphot . H2 SO4 vapor diffuses downward, being partly depleted
by condensation, but ultimately being destroyed by thermal decomposition at 432 K. The column abundance of H2 SO4 vapor,
NH2 SO4 , within and below the cloud base, neglecting condensation, is related to the column production rate 8H2 SO4 via
Z
NH2 SO4 (z) = −

z phot
z bot

8H2 SO4
dz
K k (z)

(1)

that particles formed within the cloud drift downward with the
Stokes velocity, νs , the flux of particulate H2 SO4 is
8pH2 SO4 =

(2)

where K k (z) is the altitude-dependent eddy diffusion flux. Below
the region of thermal decomposition, z bot , NH2 SO4 vanishes.
A strong gradient of H2 SO4 vapor below the clouds drives a
large upward flux of H2 SO4 which condenses to form the lower
cloud and produces a compensating downward flux of liquid
H2 SO4 . H2 O and H2 SO4 vapor abundances within the cloud are
determined from their respective saturation vapor pressures over
H2 SO4 /H2 O solution. Aerosol solution concentration is determined by including temperature-dependent chemical potentials
in the relationship between the saturation vapor pressure of pure
H2 O and vapor pressure of H2 O in solution (Zeleznik 1991).
The H2 SO4 vapor flux is calculated from
8νH2 SO4 (z) = −K k

d NSH2 SO4 (z)
dz

z > z lcb ,

(3)

where NSH2 SO4 (z) is the H2 SO4 saturated vapor number density
and is calculated from the available thermodynamic data and
the ideal gas law and z lcb is the lower cloud boundary. This net
upward flux and downward eddy diffusion from H2 SO4 vapor
production (which is smaller) must be balanced by a flux of
particulate H2 SO4
8pH2 SO4 (z) = 8H2 SO4 + 8νH2 SO4 (z)

z > z lcb .

(4)

The lower cloud base is defined by the level at which the
H2 SO4 vapor pressure equals its saturation vapor pressure. The
downward flux of H2 SO4 /H2 O aerosols and their composition
within the cloud are used to calculate their size and number
density using a simple cloud microphysical model. Assuming

(5)

where m p is the mass of a single particle, and Np is the number
density of particles. NA is Avogadro’s number and WH2 SO4 is the
molar weight of H2 SO4 . The lifetime of particles drifting down
through the cloud of thickness D with velocity νs is
τs =

D
9Dη
=
,
νs
2gρr 2

(6)

where η is the viscosity, g is the acceleration due to gravity, ρ
is the particle density, and r is the particle radius.
If we assume steady state so that the timescale for Brownian coagulation of aerosols, τc , is the same as the time it takes
for particles to drift through the cloud, a relationship between
particle size and number density is obtained. The timescale for
Brownian coagulation is

with boundary condition
NH2 SO4 (z bot ) = 0,

νs m p Np NA
,
WH2 SO4

τc =

1
,
K c Np

(7)

where K c is the coagulation constant. The relationship between
the size of the particles and their number densities is
Np =

2 gρr 2
.
9 K c Dη

(8)

Equations (5) and (8) are two algebraic expressions in the two
unknowns Np and r. They are solved simultaneously for conditions at every level z to obtain a description of the cloud in terms
of particle number density Np and radius r .
The mechanism for numerically modeling cloud properties
is shown schematically in Fig. 4. Substituting the results from
this simple but versatile cloud model for the Pioneer Venus cloud
number densities allows an investigation of the effect that changing SO2 and H2 O abundances can have on the radiative balance
of Venus’ atmosphere.
In this cloud model, we make the assumption that SO2 is
available at the cloud tops exclusively for producing H2 SO4 .
No doubt a cocktail of other sulfurous gases is also produced
photochemically, some of which are probably responsible for
the as yet unexplained absorption of near-ultraviolet solar radiation within the clouds. If significant quantities of near-ultraviolet
absorber are also created along with H2 SO4 , cloud albedo will
be determined by a competition between more H2 SO4 aerosol
scatterers and greater absorption of solar energy in the near ultraviolet. A more detailed model of solar energy radiative transfer
in Venus’ atmosphere would be required to fully address this
question. However, since the identity of the (presumably sulfurbased) molecular absorber is unknown, it is difficult to assess the
overall net effects of variations in atmospheric SO2 abundance
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FIG. 4. H2 O and H2 SO4 abundances within the nominal cloud model. The mixing ratio of H2 SO4 in the absence of condensation is shown by the solid line.
The saturation mixing ratio of H2 SO4 over H2 SO4 /H2 O solution for the calculated weight fractions is shown with the dot–dashed line. The lower cloud boundary,
zlcb , is where these two curves intersect. The H2 O mixing ratio within the cloud, calculated from the conservation of hydrogen, is shown with the dashed curve.

at the cloud tops. For this reason, for the present model, variations in planetary albedo due to variations in the near-ultraviolet
absorber are ignored.
The total cloud particle number densities as a function of
altitude are shown in Fig. 5 with the solid line. Comparison
with the Pioneer Venus (PV) nephelometer results for the real
Venus clouds (dashed line) shows the model cloud structure to be

fairly crude; however the essential features are similar. Although
the model does not account for the production and transport of
distinct particle populations, the altitude of the cloud base, tops,
and approximate total number densities are similar to the PV
measurements. Due to the simple physics used in the model, size
modes are not distinguished much by radius and their spatial
segregation in the cloud does not occur. However, the proper
altitudes and pronounced lower cloud, as well as the results
of Mie calculations, suggest that such a model is adequate for
studying the coupled effects of greenhouse warming and albedo
feedback.

Coupling the Cloud Model to Radiative
Equilibrium Calculations

FIG. 5. Nominal cloud number densities as a function of altitude (solid
line). Results for the real Venus cloud from the Pioneer Venus nephelometer are
shown with the dashed line.

The most interesting effects that changing clouds would have
on Venus’ climate are on its albedo and subsequent solar flux
forcing. In addition, thermal infrared forcing changes with cloud
opacity. The coupling between radiative effects in the atmosphere and changes in cloud structure engendered by varying
SO2 and H2 O atmospheric abundances on Venus may now be
studied. Coupling the cloud model with the radiative–convective
calculations of the previous section involves inserting the cloud
number densities and particle size and composition properties
into the radiative transfer code.
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FIG. 6. Surface temperature as a function of the abundance of atmospheric
SO2 and H2 O for the coupled Venus radiative transfer/cloud model. The solid
line is for H2 O, the dot–dashed line is SO2 . Diamonds indicate the current
atmospheric abundances and surface temperature. Surface temperatures stay
between 700 and 800 K until abundances are greater than about 1000 ppm.
As H2 O increased beyond that, the surface temperature reaches 900 K. Further
increases in surface temperature as H2 O mixing ratio is increased are limited by
emission from the atmosphere in the window 2.1–2.7 µm. As SO2 is increased
beyond 1000 ppm, surface temperatures cool below 700 K (due to increased
cloudiness).

The climatic effects of varying atmospheric H2 O and SO2
on the combined radiative transfer/cloud model is illustrated by
plotting the surface temperature as a function of these abundances in Fig. 6. In Fig. 6 each of these constituents is varied
independently, while leaving the other at its current mixing ratio.
As these abundances drop the clouds become thinner, increasing
the available solar flux. However, infrared opacity is reduced due
to less absorption by these gases deep in the atmosphere and by
less infrared opacity in the cloud regions. Lowering cloud albedo
dominates, and the atmosphere becomes hotter. Because it becomes hotter, the cloud base is shifted upward, and the clouds
become thinner still. Clouds disappear entirely when the deep
H2 O abundance drops below 0.3 ppm or the SO2 abundance
drops below 1 ppm. An interesting transition occurs when atmospheric H2 O is increased to more than about 50 times its
current value. Because the Venus greenhouse effect is so sensitive to H2 O abundance, the atmosphere heats up sufficiently to
overcome the effects of increased cloud albedo. The result is a
rapid decrease in cloud thickness and albedo, as the rising atmospheric temperatures erode the cloud base from below, leaving
a high, thin cloud.
For very low abundances of H2 O and SO2 (0.3 and 0.2 ppm,
respectively), no clouds exist but the surface temperature is about
725 K, slightly cooler than present conditions. The reason for
this is threefold: There is a lower infrared gaseous opacity, there
is no cloud infrared opacity, and the cloud-free planetary albedo
is relatively high (0.4) due to Rayleigh scattering. As abundances
increase, however, the surface temperature rises due to the dominance of extra gaseous and cloud opacity over cloud albedo
effects. Surface temperatures can rise as high as 800 K due to

variations in SO2 below current values, but they can only drop
when SO2 is increased beyond its present abundance. Below current H2 O abundances, the surface temperature never rises much
above current values. For SO2 abundances greater than 2 ppm
(one-hundredth current values) or H2 O abundances greater than
5 ppm (one-sixth current values) increasing cloud albedo dominates, and surface temperatures drop. This continues to be the
case as SO2 abundance increases. However, as H2 O is increased,
the enhanced greenhouse dominates, and the surface temperature rises rapidly to 900 K as the clouds thin.
The important result here is that there is the potential for the
surface temperature of Venus to become very high when atmospheric H2 O is abundant, but this is not true for SO2 . Furthermore, dissipation of clouds due to lowered H2 O and SO2 abundances does not increase the surface temperature above about
800 K, and with the clouds gone altogether, the surface is just
slightly cooler than it is today.
The surface temperature of Venus can be affected by changes
in atmospheric abundance of key radiatively active species such
as H2 O and SO2 . These same volatiles, however, are involved in
the construction of Venus’ clouds, which wield a powerful influence on the energy balance of the planet through their albedo.
Atmospheric temperature and pressure structure influence cloud
physics and hence optical properties of the clouds. Atmospheric
and surface temperatures are therefore influenced by a fairly
complex feedback between the greenhouse and cloud albedo,
when variations of H2 O and SO2 are considered. In addition to
having all these effects on the energy balance of the atmosphere,
SO2 and H2 O (along with CO2 ) are the major volatiles outgassed
by volcanoes over the course of geologic time on the terrestrial
planets (Kaula et al. 1981). Defining the possible time history
of these volatiles from surface sources is the subject of the next
section. Together with the climate sensitivity studies of this section, the basis for discussing the magnitude, rate, and timescales
of possible climate evolution will then be available.
GEOLOGICAL SOURCE OF VOLATILES

Volcanoes provide a time-dependent source of volatiles to the
atmosphere, a process shared by the Earth and Venus. Although
variations in the volcanic flux do exist, heat transport by the
creation and subduction of lithosphere on the Earth provides
a steady and reliable means to transport heat from the interior
(Turcotte and Schubert 1982). The formation of immense volcanic provinces on the Earth, possibly associated with large
buoyant plumes of magma within the mantle, may also be associated with larger impulses of volatiles to the atmosphere (Coffin
1994). On Venus, it appears that transport of heat from the interior has been accomplished in the recent geologic past by the
formation of the basaltic plains, and later by the large volcanoes
that grew on top of them. Plate tectonics, except possibly on a
limited scale, is not in evidence (Schubert and Sandwell 1995).
Massive volcanic edifices do exist, however, perched above volcanic plains that cover 80% of the planet (Head et al. 1992). The
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remaining 20% has experienced severe tectonic disruption, possibly as a prelude to plains emplacement (Basilevsky and Head
1995).
The average crater density on Venus, as revealed by detailed
radar images from the Magellan spacecraft, implies that the surface of the planet is 600–1100 Myr old (McKinnon et al. 1997,
Phillips et al. 1992, Schaber et al. 1992). The nature and rates of
the planetary resurfacing processes are recorded in the styles and
distribution of modified craters. A distinctive feature of Venus’
crater population is that only a small number of them are apparently modified by volcanism (Phillips et al. 1991, Schaber
et al. 1992). Schaber et al. 1992 report that out of a total of 912
identified impact craters, only 4–7% are partially embayed by
volcanic lavas, while 33% are tectonically modified. These facts
alone suggest that the surface is young and has undergone little
geological processing since it was emplaced. The implication is
that an older surface may have been almost entirely wiped out
during an epoch of rapid resurfacing followed by a quiescent
period and the collection of random impacts from space ever
since (Bullock et al. 1993, Schaber et al. 1992).
The degree to which the geologic history of Venus has affected its atmospheric evolution is dependent upon the volatile
content of its magmas. By assuming an atmospheric steady state
between present-day outgassing and escape to space, Grinspoon
(1993) estimated an upper bound for the H2 O content of erupting
lavas of about 50 ppm. This is consistent with more detailed geochemical modeling of crustal reservoirs (Namiki and Solomon
1998), who found an average mantle abundance of 5 ppm, and
concluded that crustal magmas are probably enhanced about
10-fold. For lack of better data, we will assume 50 ppm of H2 O
in erupting lavas, far lower than the 1% or so found on the wetter
Earth.
SO2 abundances are harder to constrain, but we chose a value
that is characteristic of the mass abundance of SO2 in terrestrial
Ocean Island Basalts and in magmas that formed the large igneous provinces on the Earth. These are the most likely analogs,
compositionally, for the flood basalts of Venus’s abyssal plains.
These magmas are essentially saturated in SO2 , with a weight
fraction of 0.2% (Kaula et al. 1981). This value was used to
estimate atmospheric source functions for the present model of
Venus.
Given these assumptions, we developed some simple models
for the recent outgassing history of Venus based on the hypothesis that the surface records at least one globally extensive epoch
of rapid plains emplacement. Estimates of the magnitude and
timing of such an epoch suggest that the planet was almost covered in magma to a globally averaged depth of from 1 to 10 km
in 10–100 Myr (Head et al. 1994, Strom et al. 1994). We model
this event as an exponentially decaying impulse whose total
magmatic output is integrated to yield a layer either 1 or 10 km
thick. The time constant for this event is taken to be either 10
or 100 Myr. These models are summarized in Fig. 7, where the
total flux of H2 O is shown as a function of time. This result and
a similar one for the flux of SO2 into the atmosphere are used

FIG. 7. The time history of H2 O outgassing following a catastrophic resurfacing event. The traces show the expected outgassing of H2 O assuming an
abundance in the lavas of 50 ppm, a globally averaged quantity of lava 1–10 km
deep, and a time constant of 10–100 Myr for the event.

as time-dependent inputs to the Venus climate model to investigate the response of the atmosphere to plausible evolutionary
changes induced by the unique geological history of the planet.
GEOCHEMICAL PROCESSES ON VENUS

Surface/Atmosphere Interactions
Small changes in radiatively active atmospheric species can
change the magnitude of the Venus greenhouse effect and shift
the equilibrium points of key mineral buffers, resulting in an important climate feedback mechanism. If this is the case, perturbations to the atmospheric inventory of radiatively active species,
caused by volcanic eruptions, may have a significant impact on
the climate of Venus and upon the stability of the greenhouse
effect.
Heterogeneous reactions between SO2 and the surface are
seen to proceed rapidly in chemical kinetics experiments performed under Venus-like conditions (Fegley and Prinn 1989,
Fegley and Treiman 1992). Since the deep atmosphere abundances are one to two orders of magnitude higher than can be
accounted for by equilibrium with surface minerals (Fegley and
Treiman 1992), this implies active sources and sinks of sulfur. If
surface reactions are indeed active in altering atmospheric SO2
and if reaction rates are significant on geologic timescales, it is
of interest to assess the impact they may have on the climate
of Venus. Our consideration of the effect of surface/atmosphere
reactions on atmospheric abundance over geologic time on Venus
is restricted to a reaction for which reliable kinetic data are
available.
Fegley and Prinn (1989) directly measured the surface reaction rate of the SO2 anhydrite buffer:
SO2 + CaCO3 ⇔ CaSO4 + CO.
(calcite)

(anhydrite)

(9)
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Their results were derived for current Venus surface conditions (T = 735 K, PSO2 = 12 mbar), and the reaction rate as a
function of temperature was found to be
R2 = 1019.64 e−

15248
T

molecules/cm2 s.

(10)

Reaction rates in a planetary setting will depend not only on
kinetics, but also on the ability of gas to diffuse to new reaction sites on the surface of mineral grains. Thus, diffusion into
and out of the Venus soil must also be taken into account when
considering the net effect of heterogeneous reactions on atmospheric SO2 abundances. In order to scale these laboratory data
to present Venus and to other climate regimes (i.e., other temperatures and partial pressures), a reaction/diffusion formalism
was used. If n is the atmospheric number density of SO2 , z is the
depth into the soil, and D is the molecular diffusion coefficient
for SO2 in the soil pore space (we assume a porosity of 0.5), the
atmospheric number density of SO2 at the surface due to this
reaction may be described by
n
∂ 2n
∂n
=D 2 + .
∂t
∂z
τ

(11)

Here, the rate constant RSO2 , derived in the laboratory, is simply 1/τ .
Laboratory experiments on the reaction of SO2 with calcite
have indicated that CaSO4 rinds develop on the calcite, possibly
reducing pore space and limiting porosity to values as low as 0.05
(Burke et al. 1994). However, we have found that the timescale
for the diffusion of SO2 into the surface to react with fresh
carbonate is far from the limiting timescale for the removal of
SO2 from the atmosphere. The Knudsen gas diffusion coefficient
within the Venus surface, which we have calculated to nominally
be approximately 10−2 cm2 /s, could be as low as 10−3 cm2 /s.
However, the depth to which a gas can diffuse goes as the square
root of the diffusion coefficient δ = (Dt)1/2 . Even for a porosity
of 0.05, the depth to which the atmosphere and lithosphere can
communicate on timescales of 1 Myr is on the order of 500 m.
The entire inventory of Venus atmospheric SO2 , if converted
to anyhdrite, would require the communication of only 1 m of
surface carbonate. Thus, reduced porosity due to the growth of
anhydrite rinds, even under extreme assumptions, has only a
negligible effect on the available surface sink for atmospheric
SO2 and the timescales for its removal.
Solving the reaction–diffusion equation, the effective instantaneous surface reaction rate is simply the net flux of SO2 into
the soil, or
µ

D
F =n
τ

¶ 12

,

(12)

and depends on the atmospheric number density, the lifetime, τ ,
and on the diffusion coefficient (Bullock et al. 1994). Diffusion
of SO2 into or out of the soil proceeds due to the concentration
gradient set up by its reaction with mineral surfaces. It is assumed that the atmosphere is in pressure equilibrium with gases

in the interstitial spaces of the soil. Without an external concentration gradient, the flux of molecules impinging upon the plane
of the Venus surface would be equal to the flux of molecules
reentering the atmosphere. A concentration gradient is set up in
the soil, however, by diffusion of the vapor phase downward and
subsequent reaction of the gas with soil grain surfaces.
Thus the net effect of the proposed SO2 –anydrite buffering
mechanism on Venus’ climate is dependent upon temperature
through both the reaction rate and the diffusion coefficient. Furthermore, through the flux equation, the surface reaction rate
is also dependent directly upon the atmospheric concentration
found at the surface.
On Venus, the evolution of SO2 may involve outgassing due
to volcanism, as described in the previous section, as well as the
effects of surface/atmosphere interactions. Using the reaction–
diffusion scheme presented in this section, it is possible to contrive plausible scenarios for the evolution of these volatiles in
the atmosphere under varying surface conditions. In these models, we assume that an adequate surface sink for SO2 (i.e., carbonate) exists and is replenished over geologic time. The existence of calcite can be inferred from the Venera and Vega XRF
data that 7% of the soil is composed of Ca-bearing minerals
(Barsukov et al. 1986) and from some level of presumed chemical equilibrium with the thick CO2 atmosphere.
Although it is possible, even likely, that atmospheric CO2
can react with surface silicates under present Venus conditions
(Bullock and Grinspoon 1996, Lewis 1970), the kinetics of these
reactions is poorly known. For the present work then, we assume
that such reactions are kinetically inhibited and have little bearing on the recent evolution of climate on Venus.
Exospheric Escape Processes
The current escape flux of H from Venus is due to two mechanisms: an electric-field-driven flow of ions in the night-side
hydrogen bulge, and charge exchange between hot H+ ions and
neutral H. Each of these processes have different solar cycle average loss rates, but combined, they amount to an average flux of
1.6 × 107 cm−2 s−1 (Donahue 1999). D, inhibited from escape
by its larger mass, leaves Venus at a rate of about a tenth of this.
For diffusion-limited escape, where the loss rate is limited by
the ability of H and D to diffuse to the exobase, these amount
to H and D lifetimes in the atmosphere of 170 Myr and 1.7 Byr,
respectively. The diffusion limit approximation is utilized to calculate the loss of H and D from the top of the atmosphere in the
Venus climate model, although it a crude representation of the
actual loss physics. In this case, if n k is the number density and
τk is the lifetime against escape of species k,
1
∂n k
= − nk ,
∂t
τk

(13)

then the number density as a function of time is
n k (t) = n k (0)e

− τt

k

.

(14)
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THE VENUS CLIMATE EVOLUTION MODEL

Summary
The previous sections presented mathematical models of five
planetary-scale processes that affect the climate of Venus. They
were:
1. A nongray, one-dimensional two-stream model of atmospheric radiative–convective equilibrium;
2. A cloud chemical and microphysical model of the distribution and transport of H2 SO4 /H2 O aerosols in the atmosphere;
3. Models of geologically recent crustal outgassing on Venus
due to intense volcanism associated with rapid global plains
emplacement;
4. Equilibrium and kinetic modeling of the reaction of atmospheric sulfur dioxide with surface minerals; and
5. Modeling of the loss of atmospheric water due to exospheric escape of hydrogen.
These five mathematical models have been fashioned into
numerical algorithms that are executed as five distinct computer programs. The Venus climate is simulated by linking these
programs into a time-marching, evolutionary model. Radiative–
convective equilibrium is first calculated for an initial model
atmosphere. Changes to atmospheric abundances due to processes 2–5 are then calculated for subsequent time steps. These
are used as new atmosphere model inputs for the calculation of
radiative–convective equilibrium. The flow chart in Fig. 8 depicts how these programs are linked, the input files involved, the
output files, and the variables that are passed between them.
Description of the Model Calculations
Here we report on the results of three calculations of the Venus
Climate Model designed to address the four questions on Venus
climate evolution discussed in the Introduction. They are as follows:
Case 1. Investigates the climatic effects of steadily decreasing atmospheric H2 O due to the exospheric escape of H over
1.84 Byr. The initial H2 O abundance is set to 100 times the current value, approximately the amount that may be expected from
outgassing due to rapid, global plains emplacement (Grinspoon
1993). The residence time for atmospheric H2 O is assumed to
be 160 Myr (Grinspoon 1993). H escape is limited by its ability
to diffuse to the exobase. Atmospheric SO2 abundance is set to
the current value.
Case 2. Investigates how Venus’ climate changes with the
rapid atmospheric injection of H2 O and SO2 and exospheric escape of H (H2 O residence time of 160 Myr), but also includes
the kinetics of atmospheric SO2 equilibration with surface minerals. The outgassing associated with an epoch of rapid global
plains emplacement is assumed to have an e-folding lifetime
of 100 Myr, with a total amount of lava sufficient to cover the
planet in a global layer 10 km thick. The initial abundance of
atmospheric SO2 is set to approximately 0.01 times the current

FIG. 8. Flow chart for the Venus climate evolution model. Input files are
depicted as small rectangles at the left, output files on the right. In the center
column are the main program modules for the Venus climate model. Input files
modelPT.dat and mixratios.dat are files of the initial pressure and temperature of
the atmosphere and atmospheric mixing ratios, respectively. File chempot.dat is
a tabulation of chemical potentials for liquid H2 SO4 /H2 O mixtures. Correlated-k
coefficients for all gaseous species for the full range of pressures and temperatures are indicated by the “correlated-k’s” input files, while continuum absorption data for CO2 and H2 O are contained in the file continuum.dat. Cloud particle sizes and number densities are calculated by the cloud model and output as
nomcloud.dat. This file serves as an input to the radiative transfer model and are
used in the Mie scattering calculations. Optical data for H2 SO4 /H2 O aerosols
are contained in the file palmer w.dat, found in the HITRAN database. Solar
flux absorption profiles for the current Venus atmosphere from Pioneer Venus
are contained in the file solarflux.dat. Parameters for the volcanic outgassing
history models and volatile content of magmas are contained in the input file
outgass.dat. Similarly, parameters for the time constant for exospheric escape
of hydrogen are in exo.dat, while those for the thermodynamics and kinetics of
surface/atmosphere reactions (including temperature-dependent diffusion coefficients) are contained in input file surface.dat. In the program modules, ngauss
is the number of Gaussian intervals used for all integrations, P, T, X and z are
the atmospheric pressure, temperature, mixing ratios and altitudes, respectively.
Opacities, aerosol single-scattering albedos, and asymmetry factors are tau, w,
and g. The fluxes are labeled as F, radiative–convective equilibrium temperature
profile and surface temperature are Trcon and Tg, respectively, while a is the
visible albedo of the clouds.
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abundance, or that which would exist if it were equilibrated with
surface minerals at the current surface temperature. The initial
abundance of H2 O is set to the current value. Although these
choices of initial conditions are somewhat arbitrary, we have performed similar climate evolution calculations with other starting
conditions, not presented here. Beginning with H2 O and SO2
abundances identical with current conditions or even 10 times
greater does not affect the results of this case or Case 3. This is
because the amount of H2 O and SO2 outgassed during a large
volcanic event is great enough that within a wide range, initial
conditions are essentially forgotten.
Case 3. Investigates the climatic effects of rapid plains emplacement, as in Case 2, but considers a much smaller amount
of erupted magma. For this case, all the conditions are the same
as in Case 2, except that the input to the atmosphere is that due
to a total amount of lava sufficient to cover the planet in a global
layer 1 km thick.
Results
Case 1. Results from Case 1 are displayed in the four plots
of Fig. 9. Figure 9a shows the exponential loss of atmospheric

H2 O over 1.84 Byr as a plot of atmospheric mixing ratio vs time.
At 740 Myr atmospheric H2 O abundance has decreased to the
value of 30 ppm observed at present and marked with an asterisk.
By 1.84 Byr, it has decreased to 0.03 ppm, or one-thousandth of
its current value.
Figures 9b and 9c depict the evolution of the clouds as atmospheric H2 O decreases over this range. Figure 9b plots planetary
albedo as a function of time, while 9c shows the time evolution
of cloud opacity with altitude. The shading in Fig. 9c represents
the visual opacity of the cloud (at 0.63 µm); brighter shading is
higher opacity, while black is transparent. The opacity in atmospheric layers is shaded as a function of altitude, so the figure
shows how a vertical cross section of cloud evolves with time.
Figure 9d shows how the surface temperature changes with time
as atmospheric H2 O declines in abundance. The present surface
temperature is marked with an asterisk.
Exospheric escape of H leading to atmospheric H2 O loss is
only one of several planetary-scale processes that may affect the
climate of Venus. This model allows us to calculate the effects
of this process alone, thereby facilitating a comparison of the
magnitude of it to other planetary processes. Also, some general

FIG. 9. Case 1: Exospheric escape of H withτesc = 160 Myr. (a) is the evolution of H2 O atmospheric mixing ratio as a function of time. (b) depicts the
evolution of Venus’ albedo as atmospheric H2 O is lost. This case begins with an atmospheric abundance of H2 O in the Venus atmosphere 100 times the current
abundance. The asterisk marks the current atmospheric abundance of H2 O. (c) is the evolution of cloud optical depths as a function of altitude and time. (d) is the
evolution of Venus’ surface temperature as a function of time. The asterisk marks the current atmospheric abundance of H2 O.
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conclusions about the sensitivity of the clouds and climate to
changes in atmospheric H2 O may be derived.
Conclusions from Case 1 Results. There are four important
features of this calculation that bear on the recent evolution of
climate on Venus:
1. With 100 times the present abundance of H2 O (and no
change in SO2 ), the atmosphere is too hot (due to an enhanced
greenhouse) to support a massive H2 SO4 /H2 O cloud. Instead, a
thin, high H2 O cloud exists with a visual optical depth of about
4 between 72 and 85 km. The surface temperature is slightly
above 900 K due to the increased greenhouse and lower planetary albedo.
2. As H2 O abundance decreases the atmosphere cools, allowing H2 SO4 /H2 O aerosols to condense, creating a thicker cloud.
The thicker cloud has a higher albedo that cools the atmosphere
further, lowering the cloud base and thickening the cloud further. This results in the runaway growth of the cloud to about
4 times the present optical depth when atmospheric H2 O abundance is about 50 times its current value. The runaway growth
of the cloud is limited by the availability of H2 O to form cloud
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aerosols. The surface temperature drops dramatically in 50 Myr
from 900 to about 720 K as the greenhouse becomes less efficient
and cloud albedo increases rapidly.
3. With atmospheric H2 O abundances between about 50 and
1/100 times the current abundance, the surface temperature is
relatively stable. It varies from 720 to 750 K. Decreasing albedo
of the clouds as H2 O abundance declines is partially offset by
the decreasing effectiveness of the greenhouse. The net result is
a slight increase in surface temperature over this range.
4. The clouds go away as atmospheric abundance of H2 O
falls below 0.3 ppm, or 1/100 times the current value. This is
true for this case, where SO2 abundance remains at its current
level. The surface temperature actually declines as the clouds
go away due to losses in atmospheric infrared opacity of the
gas and clouds. Reduced atmospheric opacity dominates over
albedo effects because of the already high atmospheric albedo
(0.4) due to Rayleigh scattering in the dense CO2 atmosphere.
Case 2. Results for Case 2 are shown in Fig. 10. Here,
rapidly outgassed H2 O and SO2 are subject to loss due to exospheric escape of H and reactions with surface minerals,

FIG. 10. Case 2: Rapid outgassing (100 Myr, 10 km), with exospheric escape (160 Myr) and SO2 reactions with the surface. (a) is the evolution of atmospheric
mixing ratios as a function of time. The solid line is for H2 O, dot–dashed line is for SO2 . (b) is the evolution of planetary albedo. (c) shows the evolution of cloud
optical depths as a function of time. (d) shows the evolution of surface temperature as a function of time.
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respectively. Atmospheric mixing ratio of SO2 peaks at 0.002
due to the effectiveness of SO2 reactions with the surface
(Fig. 10a). The outgassing event has an exponential decay time
constant of 100 Myr, while the SO2 –mineral reaction has a time
constant of 20 Myr, at 735 K. Atmospheric H2 O abundance increases 90-fold in 100 Myr, and ultimately decays with the lifetime against H escape, 160 Myr. Again due to the large injection
of SO2 and H2 O, a massive cloud forms in the first 50 Myr,
increasing the planetary albedo to 0.94 (Fig. 10b). Due to the
loss of atmospheric SO2 , however, the cloud begins to dissipate steadily over the next 500 Myr (Fig. 10c) and the planetary
albedo begins to decrease. Note that atmospheric H2 O abundance may remain high while SO2 abundance declines rapidly
due to surface reactions. Depending on the H2 O concentrations
of erupting lavas and the amount erupted, it is possible for the
atmosphere to enter a regime such as that encountered at the
beginning of Case 1, namely, high thin H2 O clouds and surface temperatures approaching 900 K. Surface temperatures decline 140 K in the first 100 Myr and then increase steadily for
400 Myr as the clouds thin (Fig. 10d). Temperatures peak at

about 870 K and remain that way for at least 150 Myr. The amplitude of the temperature excursion for this case is 200 K in the
600 Myr following an epoch of rapid plains emplacement.

Case 3. The climatic effects of a smaller episode of sudden outgassing on Venus are explored in Case 3. Rapidly
outgassed H2 O and SO2 are subject to loss due to exospheric
escape of H and reactions with surface minerals, respectively.
Atmospheric mixing ratio of SO2 peaks at 0.002 due to the effectiveness of SO2 reactions with the surface (Fig. 11a). The
outgassing event has an exponential decay time constant of
100 Myr, while the SO2 –mineral reaction has a time constant
of 20 Myr at 735 K. Atmospheric H2 O abundance increases
threefold in 100 Myr, and ultimately decays with the lifetime
against H escape, 160 Myr. Again due to the large injection
of SO2 and H2 O, a massive cloud forms in the first 50 Myr,
increasing the planetary albedo to 0.85 (Fig. 11b). Due to the
loss of atmospheric SO2 , however, the cloud begins to dissipate steadily over the next 300 Myr (Fig. 11c) and the planetary

FIG. 11. Case 3: Rapid outgassing (100 Myr, 1 km), with exospheric escape (160 Myr) and SO2 reactions with the surface. (a) is the evolution of atmospheric
mixing ratios as a function of time. The solid line is for H2 O, dot–dashed line is for SO2 . (b) is the evolution of planetary albedo. (c) shows the evolution of cloud
optical depths as a function of time. (d) shows the evolution of surface temperature as a function of time.
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albedo begins to decrease. Six-hundred million years after the
onset of plains emplacement, in the absence of sources of SO2 ,
the clouds disperse. Surface temperatures decline 30 K in the
first 100 Myr and then increase steadily for 200 Myr as the
clouds thin. As the clouds disappear, the surface temperature
drops due to the loss of their thermal radiative effects, and
the surface temperature approaches 725 K. The total excursion in surface temperature for this case is 90 K over 500 Myr
(Fig. 11d).
This case illustrates that it is likely that sources of volatiles
are active or have been active in the past few 10 Myr. If plains
emplacement is envisioned only as an exponentially decreasing volcanic flux sufficient to cover the planet in a global layer
of lava 1 km thick, the rapidly formed clouds disperse after
about 500 Myr. Thus the maintenance of the observed clouds in
Venus’atmosphere requires recent outgassing.
Conclusions from Cases 2 and 3. 1. Intense volcanic
outgassing of volatiles accompanying a global epoch of rapid
plains emplacement would have cooled the surface of Venus
for 200–300 Myr. The formation of massive clouds would have
raised the albedo of Venus, dominating over an enhanced
greenhouse effect resulting from increased abundance of atmospheric H2 O and SO2 . Surface temperatures as low as 650 K
may have prevailed after 100 Myr if the outgassing event was
large enough.
2. If atmospheric SO2 was able to react with surface minerals
following a global outgassing event, the surface temperature
would have steadily risen for 300–500 Myr. This is due to the
steady loss of SO2 and H2 O, resulting in the thinning of the
cloud layer. As SO2 declined further while atmospheric H2 O
remained high, however, surface temperatures would have risen
rapidly after this. For a large flux of H2 O into the atmosphere,
the formation of high, thin clouds would have raised surface
temperatures to close to 900 K.
3. If surface sinks for SO2 dominate over sources for long
enough (200–500 Myr), a large ratio of H2 O/SO2 develops in
the atmosphere and a runaway loss of the massive H2 SO4 /H2 O
cloud ensues. The result is that surface temperatures can rise to
between 840 and 870 K 300–500 Myr after the onset of an epoch
of widespread plains emplacement.
4. Total excursions in surface temperature following plains
emplacement would be between 90 and 200 K, depending on the
magnitude and timing of volcanic events, and upon the magma
concentrations of SO2 and H2 O.
5. A source of atmospheric SO2 , most likely ongoing volcanism, must be active or have been active in the past few 10 Myr.
A similar conclusion was reached by Fegley and Prinn (1989)
based on their experiments on the reaction of SO2 with calcite
under Venus conditions (Fegley et al. 1992, 1997; Fegley and
Prinn 1989; Fegley and Treiman 1992). Our climate modeling
suggests that timescales for the removal of atmospheric SO2 are
about an order of magnitude greater. Without a source, clouds
dissipate in 500–700 Myr after the onset of an epoch of global
plains emplacement.
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SUMMARY AND CONCLUSIONS

Summary
We have developed a model of the evolution of climate on
Venus that calculates the one-dimensional radiative–convective
equilibrium state of the atmosphere as it changes in time. Atmospheric infrared fluxes are calculated using a two-stream nongray
method that treats thermal absorption, emission, and scattering
in the atmosphere and clouds. Gaseous opacities are calculated
using high-temperature spectral databases for nine atmospheric
constituents and the correlated-k absorption coefficients. The
clouds are treated by using a chemical/microphysical model
coupled to radiative–convective equilibrium, and cloud opacities are calculated using standard Mie theory for atmospheric
aerosols.
We consider three planetary-scale processes that can affect
the climate of Venus. They are the loss of H2 O due to exospheric escape of H, the injection of SO2 and H2 O into the
atmosphere from volcanic outgassing, and the reactions of SO2
with surface minerals. The exospheric escape of H is modeled
as a diffusion-limited process, where the loss rate depends only
upon the global atmospheric abundance of H2 O. Two scenarios
for volcanic outgassing are treated: massive outgassing events
declining exponentially in time and sufficient to cover the planet
in a global layer of lava 10 and 1 km thick. Reactions of SO2
are modeled using laboratory equilibrium and kinetic data and
a reaction/diffusion formalism to scale these data to Venus.
The Venus climate model was designed to provide answers
to the questions about the recent climate of Venus posed in the
Introduction. The model couples planetary-scale processes in a
self-consistent, time-marching model that calculates the state of
the atmosphere as it evolves in time. Three evolutionary cases
have been presented to show how these processes interact to
alter the climate under varying assumptions. The conditions of
these experiments were chosen to isolate the effects of individual
evolutionary processes in some cases and to investigate their
combined effects in others. Feedback among them is complex,
stabilizing the climate in some regimes, and destabilizing it in
others.
The Effects of SO2 –Surface Reactions on Venus’ Climate
Atmospheric SO2 reacts rapidly with surface carbonate under present Venus conditions. The timescale for the chemical
equilibration of atmospheric SO2 with the surface is approximately 20 Myr at 735 K. The atmosphere currently has 100
times more SO2 than it would if it were equilibrated, indicating
a source active within the last 20 Myr. Reactions with the surface have probably buffered large amounts of outgassed SO2 ,
playing a crucial role in controlling the abundance of atmospheric SO2 . The timescale for the removal of atmospheric SO2
is short compared to the timescale for the loss of atmospheric
H2 O due to the exospheric escape of H. If H2 O becomes much
more abundant than SO2 because of this (with a ratio between
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3 and 20), thick H2 SO4 /H2 O clouds are replaced by high, thin
H2 O clouds. The reduced albedo of these clouds can increase
surface temperatures to 900 K. Atmospheric H2 O/SO2 ratios in
this range would have arisen 200–500 Myr following the start
of an epoch of rapid plains emplacement if SO2 sources were
not very active. Without sources of SO2 , any clouds on Venus
would have dissipated 500–700 Myr after the onset of plains
formation.
The Effects of a Global Geological Resurfacing
on Venus’ Climate
A massive outgassing event such as that associated with an
epoch of rapid global plains emplacement would have first co
oled Venus’ surface due to the buildup of thick clouds and an increased albedo. This can most clearly be seen in the first 300 Myr
of Case 2 (Fig. 10d). This era of surface cooling would have prevailed for 200–500 Myr and would have cooled the surface by
30–140 K. The magnitude and duration of such a cooling episode
are dependent upon the volume of outgassed volatiles, the ratio
of H2 O/SO2 in erupting magmas, and the initial atmospheric
abundances of H2 O and SO2 . If subsequent sources of SO2 are
weak, the ratio of atmospheric H2 O to SO2 rises over time due
to reactions of SO2 with surface minerals. Loss of atmospheric
H2 O due to exospheric escape of H is slower than SO2 reactions
with the surface, and a critical abundance ratio (H2 O/SO2 ) of
between 3 and 20 is reached in 300–500 Myr. At this point, the
thick H2 SO4 /H2 O clouds give way to high, thin H2 O clouds,
and the surface becomes very hot. How hot and for how long
depend on exactly how much H2 O there was in the atmosphere
to begin with and how wet erupting magmas were. Surface temperatures would have remained in the range of 800–870 K for
200–300 Myr. Without significant sources of SO2 , the clouds
would totally dissipate in 500-600 Myr. The current low abundance of H2 O in Venus’ atmosphere is more consistent with a
smaller outgassing event, such as that associated with an integrated volume equal to a 1-km global layer of lava. Sources of
SO2 in the recent past (10–50 Myr) must be presently supporting
the clouds.
Comets
It is conceivable that comets could have caused major climate
perturbations in the past or played a decisive role in the evolution of Venus’ climate to its current state. Venus’ atmosphere
currently contains 7 × 1018 g of H2 O, about as much as in a
25-km diameter comet. It has been suggested that the current
H2 O abundance in Venus’ atmosphere is the result of a steady
state between delivery by comets, volcanic outgassing, and exospheric hydrogen escape (Grinspoon 1987, Grinspoon and Lewis
1988). Using fluxes and mass exponents for long-period comets
(Shoemaker et al. 1990) and short-period comets (Shoemaker
et al. 1991), the total integrated mass of comets delivered to
Venus in one billion years is about 2 × 1019 g. If these comets
are on average one-half H2 O ice, comets could be delivering a
substantial amount of the H2 O required for it to be in steady

state with exospheric escape at currently observed atmospheric
abundances.
However, a billion-year comet that was 100 km in diameter
could deliver as much as 40 times the current atmospheric abundance of H2 O in an instant. The impact of a large comet during
the cooler temperatures within 500 Myr following a global outgassing epoch could have raised the atmospheric H2 O/SO2 ratio
significantly. Such an impact today would precipitate a positive
feedback between the clouds and greenhouse effect, resulting in
surface temperatures rapidly rising to 900 K. This phenomenon
was observed in Case 3 at 500 Myr and its reverse was observed
at the beginning of Case 1. It is not ad hoc to suggest that a
billion year comet could have struck Venus sometime in the past
billion years. Therefore some of the geological evidence for climate change, discussed in the Introduction, could possibly be
due to such an event.

Hypothesis: The Recent Evolution of Climate on Venus
The conclusions that we have drawn so far from the model results apply to the range of assumptions we have used regarding
the magnitude and timing of planetary processes. In addition,
the initial conditions slightly affect the outcome of all the model
runs. It is compelling, however, to attempt to reconstruct the recent evolution of Venus based on an understanding of the complex climate interactions that we have explored. The exercise is
speculative, but important for informing future, more sophisticated studies of the climate of Venus. We suggest the following
scenario for the recent evolution and present stability of climate
on Venus:
Venus experienced a global epoch of rapid plains emplacement 600–1100 Myr ago. During this time, which lasted 10–
100 Myr, large quantities of SO2 and H2 O were injected into the
atmosphere. This caused the surface to cool for 100–300 Myr
due to a massive buildup of clouds. As atmospheric SO2 equilibrated with surface minerals, the ratio of H2 O to SO2 in the
atmosphere rose. Thick H2 SO4 /H2 O clouds gave way to thin,
high H2 O clouds 200–500 Myr following the onset of global
resurfacing. The reduced albedo of Venus combined with an
enhanced greenhouse effect drove surface temperatures to 800–
870 K, where they stayed for 100–500 Myr. These conditions
could also have been induced by H2 O brought in with a 100-km
comet, an event expected for Venus in one billion years.
Evolution to current conditions on Venus occurred as atmospheric H2 O was lost due to the exospheric escape of H. As the
atmospheric SO2 /H2 O ratio rose due to smaller ongoing volcanic sources of SO2 , the thicker H2 SO4 /H2 O clouds we see
today developed. Current conditions are maintained by the continued low-level outgassing of SO2 and H2 O from volcanoes
active in the past 20 My. This conclusion is roughly consistent with that of (Fegley and Prinn 1989), who from geochemical arguments alone concluded that the venusian clouds would
dissipate in 1.9 Myr without volcanism to replenish atmospheric SO2 .
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Climate Change on Venus—Future Missions and Data
The study of climate change on Venus provides us with the
means to investigate a fascinating interplay between global-scale
processes and planetary climate. The true story of Venus’ past
can only be told when sufficient data have been collected from
the planet. There are a number of mission possibilities that are
both practical and capable of illuminating the issue of Venus’
climate evolution.
The signature of atmospheric and surface evolution is to some
degree written in its rare gas and isotopic abundances. Significant gaps in these data exist, leaving us unable to distinguish
the relative importance of volatile outgassing, atmospheric erosion due to impacts, escape history, and the role of solar wind
implantation and grain accretion in the formation of the initial atmosphere. In particular, Xe isotope abundances are almost
completely unconstrained. For example, if terrestrial planetary
atmospheres are the result of early hydrodynamic escape of isotopically solar primary atmospheres, Venus’ Xe isotope composition should be significantly different from Earth’s (Owen et al.
1992, Pepin 1991). However, if terrestrial planetary atmospheres
were formed mainly from planetesimals where Xe had already
been fractionated to Earth-like composition, Venus’ nonradiogenic Xe isotope spectrum should be similar to Earth’s (Zahnle
et al. 1990).
A Venus Atmosphere Sample Return mission with the single
goal of returning enough gas for an accurate determination of the
elemental and isotopic compositions of the noble gases Ne, Ar,
Kr, and Xe would significantly add to our knowledge of the origin
and evolution of terrestrial planetary atmospheres (Stofan et al.
1999). Such a spacecraft mission could potentially be simple
and inexpensive, having no instruments and minimal downlink
requirements.
A more ambitious and expensive mission, but with the possibility of even greater scientific value, would be a Venus in situ
explorer and sample return (Stofan et al. 1999). A determination of the oxidation state of the lower atmosphere and crust,
age dating of the surface, and mineralogical analyses could refine our understanding of chemical processes at the surface and
of Venus’ resurfacing history used in climate reconstructions.
A mission to Venus that involved a Magellan-like spacecraft,
but with the ability to do radar interferometry, would be a valuable tool for looking at dynamic surface processes. With orbital
tracks within kilometers of each other, the motion of the ground
can be sensed through the construction of synthetic aperture
radar fringes. A high-resolution altimeter could accompany such
a mission, improving topographic information on Venus by at
least an order of magnitude over Magellan.
The best evidence for climate change on Venus is probably
contained in its surface record. A photovisual reconnaissance
of Venus is essential for making valid comparisons between
Venus geology and geology on the other terrestrial planets. Highresolution images of recently exposed cliff faces may show the
stratigraphic history that radar cannot. Diagenetic layers, indicative of eras of altered atmospheric chemistry, have been proposed

to explain layering observed in the wall of Valles Marineris on
Mars, for example, Treiman et al. (1995). Visual observations
of the surface are possible from either balloon-borne or aerobot cameras (Campbell et al. 1999), or from aircraft that could
take advantage of Venus’ atmospheric superrotation to map the
planet. These missions would obviously be more expensive and
demand the development of new and risky technologies, but the
costs may be more than justified in understanding the evolution
of the only other Earth-sized planet within at least 4 light years.
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