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The present climate of Venus is controlled by an efficient car-
bon dioxide–water greenhouse effect and by the radiative proper-
ties of its global cloud cover. Both the greenhouse effect and clouds
are sensitive to perturbations in the abundance of atmospheric wa-
ter vapor and sulfur gases. Planetary-scale processes involving the
release, transport, and sequestering of volatiles affect these abun-
dances over time, driving changes in climate.

We have developed a numerical model of the climate evolu-
tion 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 uti-
lize high-temperature, high-resolution spectral databases for the
calculation of infrared absorption and scattering in Venus’ atmo-
sphere. 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 in-
fluence 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 subse-
quently 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 sulfu-
ric 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
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The Climate of Venus

At present the globally averaged surface temperature of Ve
is 735 K, with a 92-bar carbon dioxide–nitrogen atmosphere.
efficient greenhouse effect prevails, sustained by an atmosp
whose major constituent is a powerful infrared absorber. Liq
water is nonexistent, although its vapor exists in feeble amo
in the atmosphere. A menagerie of gaseous sulfur species, a
with what water there is, provide fodder for the globally e
circling sulfuric acid cloud decks (Espositoet al. 1983). The
remarkably alien and hostile conditions of the atmosphere
maintained by a special relationship between the physical p
erties of its constituents. Water, to a large extent, absorbs
frared radiation at wavelengths that carbon dioxide does
(Sagan 1960). Similarly, sulfur dioxide and other sulfur ga
absorb preferentially in carbon dioxide–water infrared windo
(Pollacket al. 1980a). These same radiatively active species
their trace amounts, are exhaled by volcanoes, sustain the cl
escape to space, and are most likely involved in reactions
surface rocks (Prinn 1985a,b; von Zahnet al. 1983). All these
processes are temperature and concentration-dependent,
is very likely that complex interactions among them influen
the climate of Venus (Bullock and Grinspoon 1996).

This work has been motivated by the following questio
Was Venus hotter at some time in the past than it is today?
alternatively, could Venus have been cooler, inhabiting a
ble climate regime significantly different from what we see
present? How stable is the current Venus climate, and how m
perturbations such as volatile outgassing, exospheric escape
surface/atmosphere interactions alter it? The pristine impact
tering record, superposed on a surface of extensive volcan
suggests that the atmosphere may have been injected with
quantities of radiatively active volatiles during a nearly glob
epoch of rapid plains emplacement. The steady decline of
ter vapor on short timescales due to exospheric escape o
drogen (Donahue and Hodges 1992, Grinspoon 1993) imp
that Venus may have had 100 times as much atmospheric w
800 Myr ago than it does today. Heterogeneous reactions
0019-1035/01 $35.00
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the surface, in seeking equilibrium, may have supplied or ta
up large quantities of volatiles over timescales on the orde
100 Myr.

As an example, the steady loss of atmospheric water on
ologically short timescales (80–300 Myr) can readily influe
the efficiency of the Venus greenhouse. Water abundance
cloud tops, however, influences cloud production through
hydrolysis of sulfur trioxide (produced by the photochemi
oxidation of sulfur dioxide) to form sulfuric acid aerosols. Le
atmospheric water may tend to decrease the greenhouse
and hence surface temperatures, but it may also result in th
clouds. Thinner clouds mean a lower planetary albedo, mor
lar flux delivered to the atmosphere and surface, and ther
higher surface temperatures. Atmospheric radiative–conve
equilibrium and cloud albedo are coupled in a complex way
Venus. Atmospheric regimes, defined by the abundances o
ter and sulfur dioxide, probably exist where there is a nega
feedback between radiative–convective equilibrium and c
albedo, providing stability to the climate. This may be the c
for present Venus. However, there are probably values for t
parameters for which a positive feedback exists, causing Ve
climate to undergo dramatic change.

Other feedbacks must also exist for Venus’ climate as a re
of processes that either supply volatiles to the atmosphere
move them. Prinn (1985a,b; von Zahnet al. 1983) first pointed
out that the Venus climate could have been affected by cha
in cloud structure induced by periods of intense volcanism
variations in atmospheric SO2 and H2O. Outgassing of radia
tively important volatiles by volcanoes provides the mean
alter atmospheric water and sulfur dioxide, and the potenti
shift atmospheric temperatures into new regimes of radiat
convective/cloud albedo feedback. Because the Venus g
house is particularly sensitive to changes in absorbers tha
active in carbon dioxide thermal infrared windows, wide exc
sions in temperature and cloud structure are possible, espe
with a rapid, globally extensive epoch of volcanic activity.

Communication of volatiles between the surface and at
sphere on Venus may also occur due to kinetically favored
erogeneous reactions at high surface temperatures and
sures. Atmospheric sulfur dioxide reacts quickly (relative
geologic timescales) with carbonates under current condi
(Fegley and Prinn 1989, Fegley and Treiman 1992). As w
the Clausius–Clapeyron equation for water phase change
the Earth, equilibrium abundances in the Venus atmospher
to reactions with minerals are exponential functions of tem
ature. The greenhouse effect and the clouds are influence
changes in atmospheric sulfur dioxide, whose abundance in
depends on the surface temperatures it helps force.

The effects of a constant volcanic outgassing of volat
on the pressure and temperature of the atmosphere of V
and subsequent mineral stability have been modeled previo
(Zolotov 1992). In this work, changes in the greenhouse e

due to alterations in atmospheric CO2 abundance were calcu
lated, although the more important greenhouse gases H2O and
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SO2 were not considered except for their effects on mineral
atmospheric chemistry (the effects of clouds were also not c
sidered). Zolotov (1996) extended this analysis to include
climatic effects of a globally extensive epoch of volcanism. A
ditional work along these lines (Zolotov 1995a,b) that focus
on the temporal changes of mineral stability fields as a re
of climate change suggests the rich connections between
face/atmosphere interactions and climate on Venus.

The possibility of excursions in surface temperature has
plications for the geology and geophysics of Venus. Man
convection models, which use surface temperature as a bo
ary condition, have sought to explain the thermal history
Venus in a manner consistent with the observed impact crate
record (Arkani-Hamedet al. 1993, Herrick and Parmentier 199
Parmentier and Hess 1992, Turcotte 1993, 1995). The prop
tion of thermal waves into the mantle due to changes in sur
temperature may have been responsible for alterations in m
convection dynamics, which in turn could have affected surf
geological expression and outgassing of volatiles to the at
sphere. Although the coupled evolution of climate and inte
has not yet been investigated in any detail, the possibility
interior/atmosphere feedbacks is an intriguing one for the t
mal and climatic evolution of Venus (Phillips and Hansen 199

There may be some geological evidence for past clim
change on Venus. Striking surface features are observe
Magellanimages that resemble fluvial landforms on Earth a
Mars more than they resemble volcanic features (Kargelet al.
1994). Venusian canali, up to 7000 km long, exhibit features s
ilar to meandering river channels and flood plains on Earth. M
are terminated by outflow channels that resemble river de
Chemical equilibrium with the atmosphere makes it likely th
the upper crust contains large amounts of calcite, anhydrite,
other salts. These salts could melt at temperatures of a few
to hundreds of Kelvins higher than Venus surface temperat
today. Kargelet al. (1994) hypothesize that a molten carbona
(salt-rich) “aquifer” may currently exist beneath a few hundr
meters to several kilometers of solidified salt-rich “permafro
Moderately higher surface temperatures in the past could h
mobilized a vast reservoir of liquid, producing the fluvial fe
tures we see today.

The origin of crustal plateaus, which contain the oldest s
face features seen on Venus (the tessera), is currently a subj
intense investigation. Structural analyses of the tessera ind
that crustal plateaus were formed by the extension of hot c
indicating an uplift and stretching origin consistent with a man
plume source (Phillips and Hansen 1998). Phillips and Han
concluded that the most likely mechanism for the production
these tectonic features was an epoch of elevated surface tem
atures during their formation.

Recently, it has been suggested that temporal variation
climate and tectonic deformations of the crust may be stron
coupled (Solomonet al. 1999). They note that widespread vo
-canic plains preserve globally coherent episodes of deforma-
tion that may have occurred over short intervals of geological
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THE RECENT EVOLUTION

FIG. 1. Wrinkle ridges trending NW–SE in Rusalka Planitia, fromMagel-
lan radar images. The image is from MIDR F-05N177, has a resolution of 600
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 19
Sandwellet al. 1997). In particular Solomonet al. (1999) hy-
pothesize that stresses induced in the lithosphere due to
cursions in surface temperature and the downward propaga
of the resulting thermal wave would have been superposed
the gravitational stresses associated with topography and la
variations in lithospheric structure. This is consistent with t
observation that wrinkle ridge orientations on the plains rec
the gravitational stress field, but also explains the narrow, gl
ally synchronous time interval (10–100 Myr) in which they we
formed. An example of the globally ubiquitous plains wrink
ridge units is shown in aMagellanSAR image in Fig. 1.

Theoretical Approach to Modeling the Climate
Evolution of Venus

Recent developments have made it possible to refine theo
ical models of the Venus climate and its recent evolution. M
importantly, theMagellanmission has given us a detailed pic
ture of the surface geology, providing important constraints
the magnitude and timing of volatile outgassing (Bullocket al.
1993, Namiki and Solomon 1998, Saunderset al. 1992). Labo-
ratory experiments on the thermodynamics and kinetics of h
erogeneous reactions under Venus-like conditions have yie
important insights into the role that surface/atmosphere re
tions may play on a global scale (Fegleyet al. 1995, Fegley and
Treiman 1992). Groundbased observations of the night sid
Venus in near-infrared windows have allowed for the retrieva
trace species abundances in the deep atmosphere (Bezardet al.

1990, de Berghet al. 1995, Meadows and Crisp 1996, Pollac
et al. 1993). TheGalileospacecraft, during a swingby of Venu
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on its way to Jupiter, improved our understanding of cloud c
acteristics and variability with high spatial resolution image
the disk in the infrared (Carlsonet al. 1993, Grinspoonet al.
1993). Finally, improvements in spectral databases, particu
for high-temperature water and carbon dioxide, have bec
available and permit more accurate modeling of infrared ra
tive transfer in the atmosphere of Venus (Rothmanet al. 1998).
This paper provides the first synthesis of these results in
detailed model of climate interactions on Venus.

We investigate the recent evolution of Venus’ climate by qu
tifying the relationships between atmospheric species in th
mosphere, cloud structure, and the radiative balance of en
in the atmosphere. We have developed numerical models o
Venus greenhouse effect and cloud structure that employ the
available spacecraft and groundbased data, spectral data
and laboratory measurements. The newly available space
and laboratory-derived data mentioned above have now ma
possible to model the magnitude and temporal behavior o
ological sources of volatiles, possible heterogeneous reac
between the surface and atmosphere, and exospheric escap
cesses. We have developed numerical models for these as
which serve as time-dependent drivers for the combined ra
tive transfer–cloud atmospheric model. Specifically, the theo
ical work we present has been designed to provide answe
the following questions:

1. How do variations in atmospheric water and sulfur diox
affect cloud structure and planetary albedo? How do thes
turn, affect the temperature at the surface?

2. How does the equilibration of atmospheric sulfur diox
with surface minerals affect cloud structure and surface tem
ature, and over what timescales?

3. How have changes in atmospheric water abundance
to exospheric escape of hydrogen and volcanic outgassin
fected cloud structure and surface temperature, and over
timescales?

4. What was the effect on Venus’ cloud structure and
face temperature of an epoch of rapid plains emplacemen
widespread, global volcanism?

RADIATIVE TRANSFER IN THE ATMOSPHERE OF VENUS

Atmospheric Radiative–Convective Equilibrium Model

The goal of the Venus atmospheric radiative transfer m
is to accurately describe the transport and balance of en
within the atmosphere. Ultimately, the model should pre
thermal infrared fluxes, temperature structure, heating r
and stability structure consistent with spacecraft and gro
based observations. In addition, the model must be flexible
fast enough to predict these quantities with respect to v
tions in solar flux and atmospheric composition as they m
change over time. To this end, we have chosen to devel

k
s
one-dimensional, two-stream model of infrared radiative trans-
fer that employs correlated-k gaseous absorption coefficients to
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22 BULLOCK AND

describe the spectral properties of the gases (Lacis and O
1991). The HITRAN 1996 and HITEMP databases provid
high-resolution spectral data (from laboratory and theoret
work) for nine molecular species found in Venus’ atmosphe
CO2, H2O, SO2, CO, OCS, HDO, H2S, HCl, and HF (Rothman
et al. 1997). Atmospheric abundances for most of these spe
were taken from the Venus International Reference Atmosp
(VIRA) (Kliore et al. 1986), with H2O abundances update
by more recent retrievals from Earth-based near-infrared s
troscopy (Crispet al. 1991, de Berghet al. 1995, Meadows and
Crisp 1996, Pollacket al. 1993). Correlated-k absorption coeffi-
cients for 68 spectral intervals in the infrared were interpola
in pressure and temperature from tabulated line-by-line ca
lations of the HITRAN 1996 and HITEMP databases. The
cumulative absorption probabilities were convolved with atm
spheric mixing ratios to calculate the gaseous absorption o
Venus atmosphere. Continuum opacity due to CO2 pressure-
induced transitions (Moskalenkoet al. 1979) and H2O contin-
uum (Liou 1992) were also included, as was Rayleigh scatte
by CO2 and N2 (van de Hulst 1981). Cloud aerosol size mod
and number densities were derived from analysis of thePioneer
Venusnephelometer data (Knollenberg and Hunten 1980).
tical data for H2SO4/ H2O aerosols (Palmer and Williams 197
were used in Mie calculations to determine aerosol extinc
optical depths, single-scattering albedos, and scattering a
metry factors due to cloud particles (Hansen and Travis 197

For the purpose of modeling the present Venus atmosph
solar net fluxes from thePioneer Venusflux radiometer were
used as a constraint (Tomaskoet al. 1980). Infrared flux cal-
culations used the hemispheric mean approximation, appro
ate to an emitting, highly absorbing, and scattering atmosp
(Toonet al. 1989). Use of the correlated-k method involves map-
ping the wavenumber dependence of absorption coefficients
smooth probability function for the absorption coefficients.
tegration of the flux equations within each spectral interval o
this probability space was achieved using an 8-point Gaus
integration (Abramowitz and Stegun 1965, Arfken 1985).
calculate radiative equilibrium, net infrared fluxes that balan
the observed solar net flux profile were determined, using
iterative variational method (McKayet al. 1989, Pollacket al.
1980b). Calculations were done with 24 atmospheric layers, w
initial values from VIRA (Klioreet al. 1986). Convection was
treated by taking the radiative equilibrium temperature pro
and adjusting the lapse rate to be adiabatic wherever the r
tive equilibrium lapse rate exceeded the adiabat (McKayet al.
1989). For calculational efficiency (and because the detail
Venus’ atmospheric structure at other epochs must be lar
unknown), we assumed only one convection zone to be pre
in the Venus atmosphere.

The calculations of atmospheric temperature structure
other atmospheres, i.e., different cloud albedo and atmosph
composition, were accomplished by assuming that solar

sorption was altered only by changes in cloud albedo.Pioneer
Venussolar absorption profiles were used, scaled to cloud alb
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calculated from a simple gray two-stream calculation of so
energy scattering and absorption (from 0.4 to 1.5µm) within
the clouds. Cloud-top altitudes are mostly controlled by p
sure, so we scaled thePioneer Venusabsorption profiles in
pressure.

Results of the Venus Radiative–Convective Equilibrium
Atmospheric Model

The temperature as a function of altitude, as calcula
by the nominal model, is shown in Fig. 2. Plotted along with
is the VIRA atmospheric temperature profile. They are matc
extremely well everywhere except above 70 km. As noted
some workers (Crisp 1986, Tomaskoet al. 1980), some extra
source of opacity above the cloud tops is necessary in mode
accurately predict the upper atmosphere temperature struc
Additionally, UV deposited in the atmosphere, mostly abo
70 km, has not been accounted for since the net solar fl
used fromPioneer Venushave a cutoff at 0.4µm (Tomasko
et al. 1980). The addition of small numbers (20 cm−3) of large
(r = 3.65µm, also known as Mode 3) particles above 65 k
with a scale height of 4 km, was necessary to achieve this e
lent agreement between the Venus radiative transfer mode
the VIRA temperature structure.

Calculated outgoing infrared radiation from the top of Ven
atmosphere is shown in Fig. 3. Also plotted is the Planck fu
tion at 232 K, the approximate temperature at which the Ve
atmosphere emits. Less flux is being emitted at 666 cm−1 due to
the 15-µm CO2 band; the atmosphere is absorbing in this ba
above the average level of the 232-K emission. A major de
ture from the 232-K Planck function is the excess net flux emi
in the CO2 window region 2.1 to 2.6µm. Although opacity due
to the CO2 continuum and 2.3-µm CO band contribute here, th
peak of the Planck function near the surface is at a longer w
length (4µm). This illustrates a natural limit to extreme rises
surface temperature on Venus. Raising the surface temper

FIG. 2. Temperature profile calculated from the Venus radiative tran
edo
model (solid line). For comparison, the Venus International Reference Atmo-
sphere is plotted with a dashed line (Klioreet al. 1986).
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THE RECENT EVOLUTIO

FIG. 3. Outgoing thermal infrared fluxes in cgs units as a function
wavenumber from the Venus radiative transfer model (solid line). The das
line is the Planck function evaluated at the effective radiating temperatur
Venus, 232 K. At the top are lines indicating the major absorption band
CO2, H2O, SO2, and OCS.

would shift emission into this window, decreasing the efficien
of the greenhouse effect and limiting a further rise in surfa
temperature. However, trace species in the Venus atmosp
play a key role in this window 2.1 to 2.6µm. The vibrational
first harmonic of CO is located at 2.3µm, and OCS has a stron
band at 2.4µm. Variations in abundances of these constitue
could strongly influence absorption within this CO2 window.

ATMOSPHERIC CHEMISTRY AND CLOUDS

Cloud Model

The photo-assisted reaction of atmospheric H2O and SO3,
derived by oxidation of SO2, produces fine aerosols of H2SO4

in the Venus middle atmosphere. These aerosols are prod
at 62–68 km, and sediment and grow into four distinct s
modes at lower levels (Krasnopolsky and Parshev 1983, Y
and DeMore 1982). Within the cloud, H2O and H2SO4 are ap-
proximately in chemical equilibrium with their aerosols. Belo
at higher temperatures, all the aerosols have evaporated, and
SO2 vapor remains. The evaporation of H2SO4 occurs at about
48 km, the average cloud base. The vapor phase continu
exist down to 432 K (38 km), where it is thermally decompos

The reservoir of H2SO4 vapor below the cloud base provide
a source for the formation by condensation of the lower clo
particles (Jameset al. 1997, Krasnopolsky and Pollack 1994
At the conditions of the upper cloud, H2O condensation is fa
vored slightly over H2SO4. Because of the steeper dependenc

vapor equilibrium on temperature (via the Clausius–Clapeyr
equation) of H2O, less of it in the atmosphere is vapor at high
OF CLIMATE ON VENUS 23
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levels. The result is that hydrogen “jumps ship” from H2O vapor
to H2SO4 vapor, and the above-cloud atmosphere is dry, at 1 p
H2O. The H2O vapor mixing ratio increases with depth into th
clouds as H2SO4 vapor decreases. We assume the abundanc
the important sulfur gases, SO2 and OCS, vary within the cloud
in equilibrium with the changing H2SO4 abundance. We also
assume that SO3 below the clouds, the product of H2SO4 ther-
mal decomposition, is reduced by CO, causing a decline in
abundance toward the surface (Krasnopolsky and Pollack 19
SO2 levels at cloud top are about 20 ppb (Esposito 1984). In
lower atmosphere,Pioneer Venusand Venera 11/12 measure-
ments indicated a value of 150 ppm (von Zahnet al. 1983), while
an analysis ofVega 1and2descent probe data implied SO2 abun-
dances decreasing to approximately 25 ppm near 12 km (Ber
et al. 1996). Rich in oxidized sulfur, Venus’ lower atmosphe
should react with surface rocks. Calcium silicates are persua
to alter to calcium sulfates, especially at the high temperatu
of Venus’ surface (Fegley and Treiman 1992).

Changes in the thickness of Venus’ clouds will have two e
fects on climate. They will alter the visual albedo of the plan
changing the input of solar energy, and they can alter the ther
infrared opacity of the mid atmosphere, affecting the tempe
ture in the atmosphere and at the surface. What is neede
a simple cloud model that can respond to changes in the
mospheric abundances of H2O and SO2, and predict changes
in cloud structure, infrared opacity, and albedo. Cloud parti
number density, size, and composition are rarely limited or e
controlled in real cloud systems by the concentration of cond
sible species in the atmosphere. On Earth, the competition
tween nucleation, condensation, coagulation, evaporation,
sedimentation of water aerosols is largely controlled by the m
nitude of vertical motions. Cloud formation on the Earth alwa
requires atmospheric lifting; a relatively dry atmosphere w
large vertical motion can have clouds, while a humid, stagn
atmosphere may not. For a given water vapor height profi
more vigorous vertical motions result in a denser, thicker clo

On present-day Venus, 1/1000 of the available atmospheri
SO2 has hydrated and condensed with 1/100 of the available
H2O to form the H2SO4/H2O aerosols that make up the cloud
We have combined an adaptation of a thermochemical mode
Venus’ cloud aerosols (Krasnopolsky and Pollack 1994) wit
simple microphysical cloud model. Diffusion and condensati
of H2SO4/H2O aerosols in Venus’ cloud layers are used to co
pute the position of the lower cloud boundary, profiles of H2O
and H2SO4 vapor mixing ratios, and the flux and composition
H2SO4/H2O aerosols as a function of the column photochemi
production rate of H2SO4.

The number densities and sizes of aerosols, according
the cloud microphysics in the model, are mostly controlled by
upward flux of H2SO4 vapor. The greater the flux, the thicker th
cloud. This vapor flux is partly a function of atmospheric H2SO4

concentration, but it is also a function of the concentration g

on
er
dient, 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 press
Since these altitudes are determined by radiative–conve
equilibrium in a feedback with the optical properties of t
clouds, there is no simple relationship (such as mass bala
which only addresses the maximum possible extent of the clo
between the abundances of SO2, H2O, and the density of th
clouds.

Our cloud model is similar to that employed by Hashimo
and Abe (1996) to investigate the evolutionary implications
cloud albedo changes on Venus. H2SO4 vapor is produced pho
tochemically within a narrow region of the upper cloud, at
proximately 160 mbars. The top of this upper layer is design
zphot. H2SO4 vapor diffuses downward, being partly deplet
by condensation, but ultimately being destroyed by thermal
composition at 432 K. The column abundance of H2SO4 vapor,
NH2SO4, within and below the cloud base, neglecting conden
tion, is related to the column production rate8H2SO4 via

NH2SO4(z) = −
∫ zphot

zbot

8H2SO4

Kk(z)
dz (1)

with boundary condition

NH2SO4(zbot) = 0, (2)

whereKk(z) is the altitude-dependent eddy diffusion flux. Belo
the region of thermal decomposition,zbot, NH2SO4 vanishes.

A strong gradient of H2SO4 vapor below the clouds drives
large upward flux of H2SO4 which condenses to form the lowe
cloud and produces a compensating downward flux of liq
H2SO4. H2O and H2SO4 vapor abundances within the cloud a
determined from their respective saturation vapor pressures
H2SO4/H2O solution. Aerosol solution concentration is det
mined by including temperature-dependent chemical poten
in the relationship between the saturation vapor pressure of
H2O and vapor pressure of H2O in solution (Zeleznik 1991).

The H2SO4 vapor flux is calculated from

8νH2SO4(z) = −Kk
d NSH2SO4(z)

dz
z> zlcb, (3)

whereNSH2SO4(z) is the H2SO4 saturated vapor number dens
and is calculated from the available thermodynamic data
the ideal gas law andzlcb is the lower cloud boundary. This n
upward flux and downward eddy diffusion from H2SO4 vapor
production (which is smaller) must be balanced by a flux
particulate H2SO4

8pH2SO4(z) = 8H2SO4 +8νH2SO4(z) z> zlcb. (4)

The lower cloud base is defined by the level at which
H2SO4 vapor pressure equals its saturation vapor pressure
downward flux of H2SO4/H2O aerosols and their compositio

within the cloud are used to calculate their size and num
density using a simple cloud microphysical model. Assum
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that particles formed within the cloud drift downward with th
Stokes velocity,νs, the flux of particulate H2SO4 is

8pH2SO4 =
νsmpNpNA

WH2SO4

, (5)

wheremp is the mass of a single particle, andNp is the number
density of particles.NA is Avogadro’s number andWH2SO4 is the
molar weight of H2SO4. The lifetime of particles drifting down
through the cloud of thicknessD with velocityνs is

τs = D

νs
= 9Dη

2gρr 2
, (6)

whereη is the viscosity,g is the acceleration due to gravity,ρ
is the particle density, andr is the particle radius.

If we assume steady state so that the timescale for Bro
ian coagulation of aerosols,τc, is the same as the time it take
for particles to drift through the cloud, a relationship betwe
particle size and number density is obtained. The timescale
Brownian coagulation is

τc = 1

KcNp
, (7)

whereKc is the coagulation constant. The relationship betw
the size of the particles and their number densities is

Np = 2

9

gρr 2

KcDη
. (8)

Equations (5) and (8) are two algebraic expressions in the
unknownsNp and r. They are solved simultaneously for con
tions at every levelz to obtain a description of the cloud in term
of particle number densityNp and radiusr .

The mechanism for numerically modeling cloud propert
is shown schematically in Fig. 4. Substituting the results fr
this simple but versatile cloud model for thePioneer Venuscloud
number densities allows an investigation of the effect that cha
ing SO2 and H2O abundances can have on the radiative bala
of Venus’ atmosphere.

In this cloud model, we make the assumption that SO2 is
available at the cloud tops exclusively for producing H2SO4.
No doubt a cocktail of other sulfurous gases is also produ
photochemically, some of which are probably responsible
the as yet unexplained absorption of near-ultraviolet solar ra
tion within the clouds. If significant quantities of near-ultravio
absorber are also created along with H2SO4, cloud albedo will
be determined by a competition between more H2SO4 aerosol
scatterers and greater absorption of solar energy in the near
violet. A more detailed model of solar energy radiative trans
in Venus’ atmosphere would be required to fully address
question. However, since the identity of the (presumably sul
ber
ing
based) 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. H2O and H2SO4 abundances within the nominal cloud model. The mixing ratio of H2SO4 in the absence of condensation is shown by the solid li

The saturation mixing ratio of HSO over H SO /H O solution for the calculated weight fractions is shown with the dot–dashed line. The lower cloud boundary,
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zlcb, is where these two curves intersect. The H2O mixing ratio within the cloud

at the cloud tops. For this reason, for the present model, va
tions in planetary albedo due to variations in the near-ultravio
absorber are ignored.

The total cloud particle number densities as a function
altitude are shown in Fig. 5 with the solid line. Comparis
with the Pioneer Venus(PV) nephelometer results for the rea
Venus clouds (dashed line) shows the model cloud structure t

FIG. 5. Nominal cloud number densities as a function of altitude (so

line). Results for the real Venus cloud from thePioneer Venusnephelometer are
shown with the dashed line.
calculated from the conservation of hydrogen, is shown with the dashed c
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let
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fairly crude; however the essential features are similar. Altho
the model does not account for the production and transpo
distinct particle populations, the altitude of the cloud base, t
and approximate total number densities are similar to thePV
measurements. Due to the simple physics used in the mode
modes are not distinguished much by radius and their sp
segregation in the cloud does not occur. However, the pr
altitudes and pronounced lower cloud, as well as the re
of Mie calculations, suggest that such a model is adequat
studying the coupled effects of greenhouse warming and al
feedback.

Coupling the Cloud Model to Radiative
Equilibrium Calculations

The most interesting effects that changing clouds would h
on Venus’ climate are on its albedo and subsequent solar
forcing. In addition, thermal infrared forcing changes with clo
opacity. The coupling between radiative effects in the at
sphere and changes in cloud structure engendered by va
SO2 and H2O atmospheric abundances on Venus may now
studied. Coupling the cloud model with the radiative–convec
calculations of the previous section involves inserting the cl

number densities and particle size and composition properties
into the radiative transfer code.



h

t

p

a

r
ti
a
d
n

i

e

i
e
y

t
v

b

e
c
d

p
cur-
uch

m
n

om-
e the

pera-

the
mo-

about
just

nges
uch
in

n-
edo.
loud
eric
airly
edo,

ere,
d
trial
y
next
ec-
ales

the
ough
he
des
rior
ol-
rge

sso-
ffin
in-
the

oes
n a

95).
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FIG. 6. Surface temperature as a function of the abundance of atmosp
SO2 and H2O for the coupled Venus radiative transfer/cloud model. The so
line is for H2O, the dot–dashed line is SO2. Diamonds indicate the curren
atmospheric abundances and surface temperature. Surface temperature
between 700 and 800 K until abundances are greater than about 1000
As H2O increased beyond that, the surface temperature reaches 900 K. Fu
increases in surface temperature as H2O mixing ratio is increased are limited by
emission from the atmosphere in the window 2.1–2.7µm. As SO2 is increased
beyond 1000 ppm, surface temperatures cool below 700 K (due to incre
cloudiness).

The climatic effects of varying atmospheric H2O and SO2

on the combined radiative transfer/cloud model is illustrated
plotting the surface temperature as a function of these ab
dances in Fig. 6. In Fig. 6 each of these constituents is va
independently, while leaving the other at its current mixing ra
As these abundances drop the clouds become thinner, incre
the available solar flux. However, infrared opacity is reduced
to less absorption by these gases deep in the atmosphere a
less infrared opacity in the cloud regions. Lowering cloud albe
dominates, and the atmosphere becomes hotter. Because
comes hotter, the cloud base is shifted upward, and the clo
become thinner still. Clouds disappear entirely when the d
H2O abundance drops below 0.3 ppm or the SO2 abundance
drops below 1 ppm. An interesting transition occurs when
mospheric H2O is increased to more than about 50 times
current value. Because the Venus greenhouse effect is so s
tive to H2O abundance, the atmosphere heats up sufficientl
overcome the effects of increased cloud albedo. The result
rapid decrease in cloud thickness and albedo, as the rising a
spheric temperatures erode the cloud base from below, lea
a high, thin cloud.

For very low abundances of H2O and SO2 (0.3 and 0.2 ppm,
respectively), no clouds exist but the surface temperature is a
725 K, slightly cooler than present conditions. The reason
this is threefold: There is a lower infrared gaseous opacity, th
is no cloud infrared opacity, and the cloud-free planetary alb
is relatively high (0.4) due to Rayleigh scattering. As abundan
increase, however, the surface temperature rises due to the

inance of extra gaseous and cloud opacity over cloud albe
effects. Surface temperatures can rise as high as 800 K du
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variations in SO2 below current values, but they can only dro
when SO2 is increased beyond its present abundance. Below
rent H2O abundances, the surface temperature never rises m
above current values. For SO2 abundances greater than 2 pp
(one-hundredth current values) or H2O abundances greater tha
5 ppm (one-sixth current values) increasing cloud albedo d
inates, and surface temperatures drop. This continues to b
case as SO2 abundance increases. However, as H2O is increased,
the enhanced greenhouse dominates, and the surface tem
ture rises rapidly to 900 K as the clouds thin.

The important result here is that there is the potential for
surface temperature of Venus to become very high when at
spheric H2O is abundant, but this is not true for SO2. Further-
more, dissipation of clouds due to lowered H2O and SO2 abun-
dances does not increase the surface temperature above
800 K, and with the clouds gone altogether, the surface is
slightly cooler than it is today.

The surface temperature of Venus can be affected by cha
in atmospheric abundance of key radiatively active species s
as H2O and SO2. These same volatiles, however, are involved
the construction of Venus’ clouds, which wield a powerful i
fluence on the energy balance of the planet through their alb
Atmospheric temperature and pressure structure influence c
physics and hence optical properties of the clouds. Atmosph
and surface temperatures are therefore influenced by a f
complex feedback between the greenhouse and cloud alb
when variations of H2O and SO2 are considered. In addition to
having all these effects on the energy balance of the atmosph
SO2 and H2O (along with CO2) are the major volatiles outgasse
by volcanoes over the course of geologic time on the terres
planets (Kaulaet al. 1981). Defining the possible time histor
of these volatiles from surface sources is the subject of the
section. Together with the climate sensitivity studies of this s
tion, the basis for discussing the magnitude, rate, and timesc
of possible climate evolution will then be available.

GEOLOGICAL SOURCE OF VOLATILES

Volcanoes provide a time-dependent source of volatiles to
atmosphere, a process shared by the Earth and Venus. Alth
variations in the volcanic flux do exist, heat transport by t
creation and subduction of lithosphere on the Earth provi
a steady and reliable means to transport heat from the inte
(Turcotte and Schubert 1982). The formation of immense v
canic provinces on the Earth, possibly associated with la
buoyant plumes of magma within the mantle, may also be a
ciated with larger impulses of volatiles to the atmosphere (Co
1994). On Venus, it appears that transport of heat from the
terior has been accomplished in the recent geologic past by
formation of the basaltic plains, and later by the large volcan
that grew on top of them. Plate tectonics, except possibly o
limited scale, is not in evidence (Schubert and Sandwell 19

do

e to
Massive volcanic edifices do exist, however, perched above vol-
canic plains that cover 80% of the planet (Headet al. 1992). The
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remaining 20% has experienced severe tectonic disruption,
sibly as a prelude to plains emplacement (Basilevsky and H
1995).

The average crater density on Venus, as revealed by det
radar images from theMagellanspacecraft, implies that the su
face of the planet is 600–1100 Myr old (McKinnonet al. 1997,
Phillipset al. 1992, Schaberet al. 1992). The nature and rates o
the planetary resurfacing processes are recorded in the style
distribution of modified craters. A distinctive feature of Venu
crater population is that only a small number of them are
parently modified by volcanism (Phillipset al. 1991, Schaber
et al. 1992). Schaberet al. 1992 report that out of a total of 91
identified impact craters, only 4–7% are partially embayed
volcanic lavas, while 33% are tectonically modified. These fa
alone suggest that the surface is young and has undergone
geological processing since it was emplaced. The implicatio
that an older surface may have been almost entirely wiped
during an epoch of rapid resurfacing followed by a quiesc
period and the collection of random impacts from space e
since (Bullocket al. 1993, Schaberet al. 1992).

The degree to which the geologic history of Venus has
fected its atmospheric evolution is dependent upon the vola
content of its magmas. By assuming an atmospheric steady
between present-day outgassing and escape to space, Grin
(1993) estimated an upper bound for the H2O content of erupting
lavas of about 50 ppm. This is consistent with more detailed g
chemical modeling of crustal reservoirs (Namiki and Solom
1998), who found an average mantle abundance of 5 ppm,
concluded that crustal magmas are probably enhanced a
10-fold. For lack of better data, we will assume 50 ppm of H2O
in erupting lavas, far lower than the 1% or so found on the we
Earth.

SO2 abundances are harder to constrain, but we chose a v
that is characteristic of the mass abundance of SO2 in terrestrial
Ocean Island Basalts and in magmas that formed the large
neous provinces on the Earth. These are the most likely ana
compositionally, for the flood basalts of Venus’s abyssal plai
These magmas are essentially saturated in SO2, with a weight
fraction of 0.2% (Kaulaet al. 1981). This value was used t
estimate atmospheric source functions for the present mod
Venus.

Given these assumptions, we developed some simple mo
for the recent outgassing history of Venus based on the hypo
sis that the surface records at least one globally extensive e
of rapid plains emplacement. Estimates of the magnitude
timing of such an epoch suggest that the planet was almost
ered in magma to a globally averaged depth of from 1 to 10
in 10–100 Myr (Headet al. 1994, Stromet al. 1994). We model
this event as an exponentially decaying impulse whose t
magmatic output is integrated to yield a layer either 1 or 10
thick. The time constant for this event is taken to be either
or 100 Myr. These models are summarized in Fig. 7, where

total flux of H2O is shown as a function of time. This result an
a similar one for the flux of SO2 into the atmosphere are use
OF CLIMATE ON VENUS 27
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FIG. 7. The time history of H2O outgassing following a catastrophic resu
facing event. The traces show the expected outgassing of H2O assuming an
abundance in the lavas of 50 ppm, a globally averaged quantity of lava 1–1
deep, and a time constant of 10–100 Myr for the event.

as time-dependent inputs to the Venus climate model to inv
tigate the response of the atmosphere to plausible evolutio
changes induced by the unique geological history of the pla

GEOCHEMICAL PROCESSES ON VENUS

Surface/Atmosphere Interactions

Small changes in radiatively active atmospheric species
change the magnitude of the Venus greenhouse effect and
the equilibrium points of key mineral buffers, resulting in an im
portant climate feedback mechanism. If this is the case, pertu
tions to the atmospheric inventory of radiatively active spec
caused by volcanic eruptions, may have a significant impac
the climate of Venus and upon the stability of the greenho
effect.

Heterogeneous reactions between SO2 and the surface are
seen to proceed rapidly in chemical kinetics experiments p
formed under Venus-like conditions (Fegley and Prinn 19
Fegley and Treiman 1992). Since the deep atmosphere a
dances are one to two orders of magnitude higher than ca
accounted for by equilibrium with surface minerals (Fegley a
Treiman 1992), this implies active sources and sinks of sulfu
surface reactions are indeed active in altering atmospheric2

and if reaction rates are significant on geologic timescales,
of interest to assess the impact they may have on the clim
of Venus. Our consideration of the effect of surface/atmosph
reactions on atmospheric abundance over geologic time on V
is restricted to a reaction for which reliable kinetic data a
available.

Fegley and Prinn (1989) directly measured the surface re
tion rate of the SO2 anhydrite buffer:
d
d

SO2+ CaCO3⇔ CaSO4+ CO.
(calcite) (anhydrite)

(9)
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Their results were derived for current Venus surface co
tions (T = 735 K, PSO2 = 12 mbar), and the reaction rate as
function of temperature was found to be

R2 = 1019.64e−
15248

T molecules/cm2 s. (10)

Reaction rates in a planetary setting will depend not only
kinetics, but also on the ability of gas to diffuse to new re
tion sites on the surface of mineral grains. Thus, diffusion i
and out of the Venus soil must also be taken into account w
considering the net effect of heterogeneous reactions on a
spheric SO2 abundances. In order to scale these laboratory
to present Venus and to other climate regimes (i.e., other
peratures and partial pressures), a reaction/diffusion forma
was used. Ifn is the atmospheric number density of SO2, z is the
depth into the soil, andD is the molecular diffusion coefficien
for SO2 in the soil pore space (we assume a porosity of 0.5),
atmospheric number density of SO2 at the surface due to thi
reaction may be described by

∂n

∂t
= D

∂2n

∂z2
+ n

τ
. (11)

Here, the rate constantRSO2, derived in the laboratory, is sim
ply 1/τ .

Laboratory experiments on the reaction of SO2 with calcite
have indicated that CaSO4 rinds develop on the calcite, possib
reducing pore space and limiting porosity to values as low as
(Burkeet al. 1994). However, we have found that the timesc
for the diffusion of SO2 into the surface to react with fres
carbonate is far from the limiting timescale for the remova
SO2 from the atmosphere. The Knudsen gas diffusion coeffic
within the Venus surface, which we have calculated to nomin
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 sq
root of the diffusion coefficientδ = (Dt)1/2. Even for a porosity
of 0.05, the depth to which the atmosphere and lithosphere
communicate on timescales of 1 Myr is on the order of 500
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 grow
anhydrite rinds, even under extreme assumptions, has o
negligible effect on the available surface sink for atmosph
SO2 and the timescales for its removal.

Solving the reaction–diffusion equation, the effective inst
taneous surface reaction rate is simply the net flux of SO2 into
the soil, or

F = n

(
D

τ

) 1
2

, (12)

and depends on the atmospheric number density, the lifetimτ ,
and on the diffusion coefficient (Bullocket al. 1994). Diffusion
of SO2 into or out of the soil proceeds due to the concentra

gradient set up by its reaction with mineral surfaces. It is
sumed that the atmosphere is in pressure equilibrium with ga
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in the interstitial spaces of the soil. Without an external conc
tration gradient, the flux of molecules impinging upon the pla
of the Venus surface would be equal to the flux of molecu
reentering the atmosphere. A concentration gradient is set u
the soil, however, by diffusion of the vapor phase downward a
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 tempera
through both the reaction rate and the diffusion coefficient. F
thermore, through the flux equation, the surface reaction
is also dependent directly upon the atmospheric concentra
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
effects of surface/atmosphere interactions. Using the react
diffusion scheme presented in this section, it is possible to c
trive plausible scenarios for the evolution of these volatiles
the atmosphere under varying surface conditions. In these m
els, we assume that an adequate surface sink for SO2 (i.e., car-
bonate) exists and is replenished over geologic time. The e
tence of calcite can be inferred from the Venera and Vega X
data that 7% of the soil is composed of Ca-bearing mine
(Barsukovet al. 1986) and from some level of presumed che
ical equilibrium with the thick CO2 atmosphere.

Although it is possible, even likely, that atmospheric CO2

can react with surface silicates under present Venus condit
(Bullock and Grinspoon 1996, Lewis 1970), the kinetics of the
reactions is poorly known. For the present work then, we ass
that such reactions are kinetically inhibited and have little be
ing on the recent evolution of climate on Venus.

Exospheric Escape Processes

The current escape flux of H from Venus is due to two me
anisms: an electric-field-driven flow of ions in the night-si
hydrogen bulge, and charge exchange between hot H+ ions and
neutral H. Each of these processes have different solar cycle
erage loss rates, but combined, they amount to an average fl
1.6× 107 cm−2 s−1 (Donahue 1999). D, inhibited from escap
by its larger mass, leaves Venus at a rate of about a tenth of
For diffusion-limited escape, where the loss rate is limited
the ability of H and D to diffuse to the exobase, these amo
to H and D lifetimes in the atmosphere of 170 Myr and 1.7 B
respectively. The diffusion limit approximation is utilized to ca
culate the loss of H and D from the top of the atmosphere in
Venus climate model, although it a crude representation of
actual loss physics. In this case, ifnk is the number density and
τk is the lifetime against escape of speciesk,

∂nk

∂t
= − 1

τk
nk, (13)

then the number density as a function of time is
as-
ses nk(t) = nk(0)e−

t
τk . (14)
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THE RECENT EVOLUTIO

THE VENUS CLIMATE EVOLUTION MODEL

Summary

The previous sections presented mathematical models of
planetary-scale processes that affect the climate of Venus. T
were:

1. A nongray, one-dimensional two-stream model of atm
spheric radiative–convective equilibrium;

2. A cloud chemical and microphysical model of the dist
bution and transport of H2SO4/H2O aerosols in the atmospher

3. Models of geologically recent crustal outgassing on Ve
due to intense volcanism associated with rapid global pla
emplacement;

4. Equilibrium and kinetic modeling of the reaction of atm
spheric sulfur dioxide with surface minerals; and

5. Modeling of the loss of atmospheric water due to e
spheric escape of hydrogen.

These five mathematical models have been fashioned
numerical algorithms that are executed as five distinct co
puter programs. The Venus climate is simulated by linking th
programs into a time-marching, evolutionary model. Radiativ
convective equilibrium is first calculated for an initial mod
atmosphere. Changes to atmospheric abundances due to
cesses 2–5 are then calculated for subsequent time steps.
are used as new atmosphere model inputs for the calculatio
radiative–convective equilibrium. The flow chart in Fig. 8 d
picts how these programs are linked, the input files involved,
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 Ve
Climate Model designed to address the four questions on Ve
climate evolution discussed in the Introduction. They are as
lows:

Case 1. Investigates the climatic effects of steadily decre
ing atmospheric H2O due to the exospheric escape of H ov
1.84 Byr. The initial H2O abundance is set to 100 times the c
rent value, approximately the amount that may be expected f
outgassing due to rapid, global plains emplacement (Grinsp
1993). The residence time for atmospheric H2O is assumed to
be 160 Myr (Grinspoon 1993). H escape is limited by its abil
to diffuse to the exobase. Atmospheric SO2 abundance is set to
the current value.

Case 2. Investigates how Venus’ climate changes with t
rapid atmospheric injection of H2O and SO2 and exospheric es
cape of H (H2O residence time of 160 Myr), but also include
the kinetics of atmospheric SO2 equilibration with surface min-
erals. The outgassing associated with an epoch of rapid gl
plains emplacement is assumed to have an e-folding lifet
of 100 Myr, with a total amount of lava sufficient to cover th

planet in a global layer 10 km thick. The initial abundance
atmospheric SO2 is set to approximately 0.01 times the curren
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FIG. 8. Flow chart for the Venus climate evolution model. Input files a
depicted as small rectangles at the left, output files on the right. In the ce
column are the main program modules for the Venus climate model. Input
modelPT.dat and mixratios.dat are files of the initial pressure and temperatu
the atmosphere and atmospheric mixing ratios, respectively. File chempot.
a tabulation of chemical potentials for liquid H2SO4/H2O mixtures. Correlated-k
coefficients for all gaseous species for the full range of pressures and tem
tures are indicated by the “correlated-k’s” input files, while continuum absorp-
tion data for CO2 and H2O are contained in the file continuum.dat. Cloud par
cle sizes and number densities are calculated by the cloud model and outp
nomcloud.dat. This file serves as an input to the radiative transfer model an
used in the Mie scattering calculations. Optical data for H2SO4/H2O aerosols
are contained in the file palmerw.dat, found in the HITRAN database. Sola
flux absorption profiles for the current Venus atmosphere fromPioneer Venus
are contained in the file solarflux.dat. Parameters for the volcanic outgas
history models and volatile content of magmas are contained in the inpu
outgass.dat. Similarly, parameters for the time constant for exospheric es
of hydrogen are in exo.dat, while those for the thermodynamics and kinetic
surface/atmosphere reactions (including temperature-dependent diffusion
ficients) are contained in input file surface.dat. In the program modules, ng
is the number of Gaussian intervals used for all integrations, P, T, X and z
the atmospheric pressure, temperature, mixing ratios and altitudes, respec
Opacities, aerosol single-scattering albedos, and asymmetry factors are t
and g. The fluxes are labeled as F, radiative–convective equilibrium temper

of
t
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 w
surface minerals at the current surface temperature. The in
abundance of H2O is set to the current value. Although the
choices of initial conditions are somewhat arbitrary, we have p
formed similar climate evolution calculations with other starti
conditions, not presented here. Beginning with H2O and SO2

abundances identical with current conditions or even 10 tim
greater does not affect the results of this case or Case 3. Th
because the amount of H2O and SO2 outgassed during a larg
volcanic event is great enough that within a wide range, ini
conditions are essentially forgotten.

Case 3. Investigates the climatic effects of rapid plains e
placement, as in Case 2, but considers a much smaller am
of erupted magma. For this case, all the conditions are the s
as in Case 2, except that the input to the atmosphere is tha
to a total amount of lava sufficient to cover the planet in a glo
layer 1 km thick.

Results
Case 1. Results from Case 1 are displayed in the four plots

he
nt

of this process alone, thereby facilitating a comparison of the
eral
of Fig. 9. Figure 9a shows the exponential loss of atmospheric

FIG. 9. Case 1: Exospheric escape of H withτesc= 160 Myr. (a) is the evolution of H2O atmospheric mixing ratio as a function of time. (b) depicts t
evolution of Venus’ albedo as atmospheric H2O is lost. This case begins with an atmospheric abundance of H2O in the Venus atmosphere 100 times the curre

magnitude of it to other planetary processes. Also, some gen
abundance. The asterisk marks the current atmospheric abundance of H2O. (c) is
evolution of Venus’ surface temperature as a function of time. The asterisk
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H2O over 1.84 Byr as a plot of atmospheric mixing ratio vs tim
At 740 Myr atmospheric H2O abundance has decreased to
value of 30 ppm observed at present and marked with an aste
By 1.84 Byr, it has decreased to 0.03 ppm, or one-thousand
its current value.

Figures 9b and 9c depict the evolution of the clouds as at
spheric H2O decreases over this range. Figure 9b plots plane
albedo as a function of time, while 9c shows the time evolut
of cloud opacity with altitude. The shading in Fig. 9c represe
the visual opacity of the cloud (at 0.63µm); brighter shading is
higher opacity, while black is transparent. The opacity in atm
spheric layers is shaded as a function of altitude, so the fig
shows how a vertical cross section of cloud evolves with tim
Figure 9d shows how the surface temperature changes with
as atmospheric H2O declines in abundance. The present surf
temperature is marked with an asterisk.

Exospheric escape of H leading to atmospheric H2O loss is
only one of several planetary-scale processes that may affec
climate of Venus. This model allows us to calculate the effe
the evolution of cloud optical depths as a function of altitude and time. (d) is the
marks the current atmospheric abundance of H2O.
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THE RECENT EVOLUTIO

conclusions about the sensitivity of the clouds and climate
changes in atmospheric H2O may be derived.

Conclusions from Case 1 Results.There are four importan
features of this calculation that bear on the recent evolutio
climate on Venus:

1. With 100 times the present abundance of H2O (and no
change in SO2), the atmosphere is too hot (due to an enhan
greenhouse) to support a massive H2SO4/H2O cloud. Instead, a
thin, high H2O cloud exists with a visual optical depth of abo
4 between 72 and 85 km. The surface temperature is slig
above 900 K due to the increased greenhouse and lower p
tary albedo.

2. As H2O abundance decreases the atmosphere cools, a
ing H2SO4/H2O aerosols to condense, creating a thicker clo
The thicker cloud has a higher albedo that cools the atmosp
further, lowering the cloud base and thickening the cloud f
ther. This results in the runaway growth of the cloud to ab
4 times the present optical depth when atmospheric H2O abun-

dance is about 50 times its current value. The runaway growth
of the cloud is limited by the availability of HO to form cloud

ric

rapidly outgassed H2O and SO2 are subject to loss due to exo-
spheric escape of H and reactions with surface minerals,
2

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 atmosphe

mixing ratios as a function of time. The solid line is for H2O, dot–dashed line is
optical depths as a function of time. (d) shows the evolution of surface tem
OF CLIMATE ON VENUS 31
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aerosols. The surface temperature drops dramatically in 50
from 900 to about 720 K as the greenhouse becomes less effi
and cloud albedo increases rapidly.

3. With atmospheric H2O abundances between about 50 a
1/100 times the current abundance, the surface temperatu
relatively stable. It varies from 720 to 750 K. Decreasing albe
of the clouds as H2O abundance declines is partially offset b
the decreasing effectiveness of the greenhouse. The net res
a slight increase in surface temperature over this range.

4. The clouds go away as atmospheric abundance of H2O
falls below 0.3 ppm, or 1/100 times the current value. This i
true for this case, where SO2 abundance remains at its curre
level. The surface temperature actually declines as the clo
go away due to losses in atmospheric infrared opacity of
gas and clouds. Reduced atmospheric opacity dominates
albedo effects because of the already high atmospheric alb
(0.4) due to Rayleigh scattering in the dense CO2 atmosphere.

Case 2. Results for Case 2 are shown in Fig. 10. He
for SO2. (b) is the evolution of planetary albedo. (c) shows the evolution of cloud
perature 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 surfac
(Fig. 10a). The outgassing event has an exponential decay
constant of 100 Myr, while the SO2–mineral reaction has a tim
constant of 20 Myr, at 735 K. Atmospheric H2O abundance in
creases 90-fold in 100 Myr, and ultimately decays with the l
time against H escape, 160 Myr. Again due to the large injec
of SO2 and H2O, a massive cloud forms in the first 50 My
increasing the planetary albedo to 0.94 (Fig. 10b). Due to
loss of atmospheric SO2, however, the cloud begins to diss
pate steadily over the next 500 Myr (Fig. 10c) and the plane
albedo begins to decrease. Note that atmospheric H2O abun-
dance may remain high while SO2 abundance declines rapid
due to surface reactions. Depending on the H2O concentrations
of erupting lavas and the amount erupted, it is possible for
atmosphere to enter a regime such as that encountered
beginning of Case 1, namely, high thin H2O clouds and sur
face temperatures approaching 900 K. Surface temperature

cline 140 K in the first 100 Myr and then increase steadily for

ric

loss of atmospheric SO2, however, the cloud begins to dissi-
tary
400 Myr as the clouds thin (Fig. 10d). Temperatures peak at

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 atmosphe

pate steadily over the next 300 Myr (Fig. 11c) and the plane
mixing ratios as a function of time. The solid line is for H2O, dot–dashed line is
optical depths as a function of time. (d) shows the evolution of surface temp
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about 870 K and remain that way for at least 150 Myr. The a
plitude of the temperature excursion for this case is 200 K in
600 Myr following an epoch of rapid plains emplacement.

Case 3. The climatic effects of a smaller episode of su
den outgassing on Venus are explored in Case 3. Rap
outgassed H2O and SO2 are subject to loss due to exospher
escape of H and reactions with surface minerals, respectiv
Atmospheric mixing ratio of SO2 peaks at 0.002 due to the ef
fectiveness of SO2 reactions with the surface (Fig. 11a). Th
outgassing event has an exponential decay time constan
100 Myr, while the SO2–mineral reaction has a time consta
of 20 Myr at 735 K. Atmospheric H2O abundance increase
threefold in 100 Myr, and ultimately decays with the lifetim
against H escape, 160 Myr. Again due to the large inject
of SO2 and H2O, a massive cloud forms in the first 50 My
increasing the planetary albedo to 0.85 (Fig. 11b). Due to
for SO2. (b) is the evolution of planetary albedo. (c) shows the evolution of cloud
erature as a function of time.
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THE RECENT EVOLUTIO

albedo begins to decrease. Six-hundred million years afte
onset of plains emplacement, in the absence of sources of2,
the clouds disperse. Surface temperatures decline 30 K in
first 100 Myr and then increase steadily for 200 Myr as
clouds thin. As the clouds disappear, the surface tempera
drops due to the loss of their thermal radiative effects,
the surface temperature approaches 725 K. The total ex
sion in surface temperature for this case is 90 K over 500
(Fig. 11d).

This case illustrates that it is likely that sources of volati
are active or have been active in the past few 10 Myr. If pla
emplacement is envisioned only as an exponentially decr
ing volcanic flux sufficient to cover the planet in a global lay
of lava 1 km thick, the rapidly formed clouds disperse af
about 500 Myr. Thus the maintenance of the observed cloud
Venus’atmosphere requires recent outgassing.

Conclusions from Cases 2 and 3.1. Intense volcanic
outgassing of volatiles accompanying a global epoch of ra
plains emplacement would have cooled the surface of Ve
for 200–300 Myr. The formation of massive clouds would ha
raised the albedo of Venus, dominating over an enhan
greenhouse effect resulting from increased abundance of a
spheric H2O and SO2. Surface temperatures as low as 650
may have prevailed after 100 Myr if the outgassing event
large enough.

2. If atmospheric SO2 was able to react with surface minera
following a global outgassing event, the surface tempera
would have steadily risen for 300–500 Myr. This is due to
steady loss of SO2 and H2O, resulting in the thinning of the
cloud layer. As SO2 declined further while atmospheric H2O
remained high, however, surface temperatures would have
rapidly after this. For a large flux of H2O into the atmosphere
the formation of high, thin clouds would have raised surfa
temperatures to close to 900 K.

3. If surface sinks for SO2 dominate over sources for lon
enough (200–500 Myr), a large ratio of H2O/SO2 develops in
the atmosphere and a runaway loss of the massive H2SO4/H2O
cloud ensues. The result is that surface temperatures can r
between 840 and 870 K 300–500 Myr after the onset of an ep
of widespread plains emplacement.

4. Total excursions in surface temperature following pla
emplacement would be between 90 and 200 K, depending o
magnitude and timing of volcanic events, and upon the ma
concentrations of SO2 and H2O.

5. A source of atmospheric SO2, most likely ongoing volcan-
ism, must be active or have been active in the past few 10 M
A similar conclusion was reached by Fegley and Prinn (19
based on their experiments on the reaction of SO2 with calcite
under Venus conditions (Fegleyet al. 1992, 1997; Fegley an
Prinn 1989; Fegley and Treiman 1992). Our climate mode
suggests that timescales for the removal of atmospheric SO2 are
about an order of magnitude greater. Without a source, clo

dissipate in 500–700 Myr after the onset of an epoch of glo
plains emplacement.
OF CLIMATE ON VENUS 33

the
O
the
e

ture
nd
cur-
yr

s
ns
as-

er
er
s in

pid
nus
ve
ced
mo-
K
as

ls
ure
e

isen

ce

se to
och

ns
the

ma

yr.
9)

ng

uds

SUMMARY AND CONCLUSIONS

Summary

We have developed a model of the evolution of climate
Venus that calculates the one-dimensional radiative–conve
equilibrium state of the atmosphere as it changes in time. At
spheric infrared fluxes are calculated using a two-stream non
method that treats thermal absorption, emission, and scatte
in the atmosphere and clouds. Gaseous opacities are calcu
using high-temperature spectral databases for nine atmosp
constituents and the correlated-k absorption coefficients. The
clouds are treated by using a chemical/microphysical mo
coupled to radiative–convective equilibrium, and cloud op
ities are calculated using standard Mie theory for atmosph
aerosols.

We consider three planetary-scale processes that can a
the climate of Venus. They are the loss of H2O due to exo-
spheric escape of H, the injection of SO2 and H2O into the
atmosphere from volcanic outgassing, and the reactions of2

with surface minerals. The exospheric escape of H is mod
as a diffusion-limited process, where the loss rate depends
upon the global atmospheric abundance of H2O. Two scenarios
for volcanic outgassing are treated: massive outgassing ev
declining exponentially in time and sufficient to cover the pla
in a global layer of lava 10 and 1 km thick. Reactions of S2

are modeled using laboratory equilibrium and kinetic data
a reaction/diffusion formalism to scale these data to Venus.

The Venus climate model was designed to provide answ
to the questions about the recent climate of Venus posed in
Introduction. The model couples planetary-scale processes
self-consistent, time-marching model that calculates the sta
the atmosphere as it evolves in time. Three evolutionary c
have been presented to show how these processes inter
alter the climate under varying assumptions. The condition
these experiments were chosen to isolate the effects of indivi
evolutionary processes in some cases and to investigate
combined effects in others. Feedback among them is comp
stabilizing the climate in some regimes, and destabilizing i
others.

The Effects of SO2–Surface Reactions on Venus’ Climate

Atmospheric SO2 reacts rapidly with surface carbonate u
der present Venus conditions. The timescale for the chem
equilibration of atmospheric SO2 with the surface is approx
imately 20 Myr at 735 K. The atmosphere currently has 1
times more SO2 than it would if it were equilibrated, indicating
a source active within the last 20 Myr. Reactions with the s
face have probably buffered large amounts of outgassed2,
playing a crucial role in controlling the abundance of atm
spheric SO2. The timescale for the removal of atmospheric S2

is short compared to the timescale for the loss of atmosph

balH2O due to the exospheric escape of H. If H2O becomes much
more abundant than SO2 because of this (with a ratio between
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3 and 20), thick H2SO4/H2O clouds are replaced by high, th
H2O clouds. The reduced albedo of these clouds can incr
surface temperatures to 900 K. Atmospheric H2O/SO2 ratios in
this range would have arisen 200–500 Myr following the s
of an epoch of rapid plains emplacement if SO2 sources were
not very active. Without sources of SO2, any clouds on Venu
would have dissipated 500–700 Myr after the onset of pla
formation.

The Effects of a Global Geological Resurfacing
on Venus’ Climate

A massive outgassing event such as that associated wi
epoch of rapid global plains emplacement would have firs
oled Venus’ surface due to the buildup of thick clouds and an
creased albedo. This can most clearly be seen in the first 300
of Case 2 (Fig. 10d). This era of surface cooling would have
vailed for 200–500 Myr and would have cooled the surface
30–140 K. The magnitude and duration of such a cooling epis
are dependent upon the volume of outgassed volatiles, the
of H2O/SO2 in erupting magmas, and the initial atmosphe
abundances of H2O and SO2. If subsequent sources of SO2 are
weak, the ratio of atmospheric H2O to SO2 rises over time due
to reactions of SO2 with surface minerals. Loss of atmosphe
H2O due to exospheric escape of H is slower than SO2 reactions
with the surface, and a critical abundance ratio (H2O/SO2) of
between 3 and 20 is reached in 300–500 Myr. At this point,
thick H2SO4/H2O clouds give way to high, thin H2O clouds,
and the surface becomes very hot. How hot and for how l
depend on exactly how much H2O there was in the atmosphe
to begin with and how wet erupting magmas were. Surface t
peratures would have remained in the range of 800–870 K
200–300 Myr. Without significant sources of SO2, the clouds
would totally dissipate in 500-600 Myr. The current low abu
dance of H2O in Venus’ atmosphere is more consistent wit
smaller outgassing event, such as that associated with an
grated volume equal to a 1-km global layer of lava. Source
SO2 in the recent past (10–50 Myr) must be presently suppor
the clouds.

Comets

It is conceivable that comets could have caused major clim
perturbations in the past or played a decisive role in the ev
tion of Venus’ climate to its current state. Venus’ atmosph
currently contains 7× 1018 g of H2O, about as much as in
25-km diameter comet. It has been suggested that the cu
H2O abundance in Venus’ atmosphere is the result of a ste
state between delivery by comets, volcanic outgassing, and
spheric hydrogen escape (Grinspoon 1987, Grinspoon and L
1988). Using fluxes and mass exponents for long-period co
(Shoemakeret al. 1990) and short-period comets (Shoema
et al. 1991), the total integrated mass of comets delivere
Venus in one billion years is about 2× 1019 g. If these comets

are on average one-half H2O ice, comets could be delivering a
substantial amount of the H2O required for it to be in steady
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state with exospheric escape at currently observed atmosp
abundances.

However, a billion-year comet that was 100 km in diame
could deliver as much as 40 times the current atmospheric a
dance of H2O in an instant. The impact of a large comet duri
the cooler temperatures within 500 Myr following a global ou
gassing epoch could have raised the atmospheric H2O/SO2 ratio
significantly. Such an impact today would precipitate a posit
feedback between the clouds and greenhouse effect, resulti
surface temperatures rapidly rising to 900 K. This phenome
was observed in Case 3 at 500 Myr and its reverse was obse
at the beginning of Case 1. It is not ad hoc to suggest th
billion year comet could have struck Venus sometime in the p
billion years. Therefore some of the geological evidence for
mate change, discussed in the Introduction, could possibly
due to such an event.

Hypothesis: The Recent Evolution of Climate on Venus

The conclusions that we have drawn so far from the mode
sults apply to the range of assumptions we have used regar
the magnitude and timing of planetary processes. In addit
the initial conditions slightly affect the outcome of all the mod
runs. It is compelling, however, to attempt to reconstruct the
cent evolution of Venus based on an understanding of the c
plex climate interactions that we have explored. The exercis
speculative, but important for informing future, more sophis
cated studies of the climate of Venus. We suggest the follow
scenario for the recent evolution and present stability of clim
on Venus:

Venus experienced a global epoch of rapid plains empla
ment 600–1100 Myr ago. During this time, which lasted 1
100 Myr, large quantities of SO2 and H2O were injected into the
atmosphere. This caused the surface to cool for 100–300
due to a massive buildup of clouds. As atmospheric SO2 equi-
librated with surface minerals, the ratio of H2O to SO2 in the
atmosphere rose. Thick H2SO4/H2O clouds gave way to thin
high H2O clouds 200–500 Myr following the onset of glob
resurfacing. The reduced albedo of Venus combined with
enhanced greenhouse effect drove surface temperatures to
870 K, where they stayed for 100–500 Myr. These conditio
could also have been induced by H2O brought in with a 100-km
comet, an event expected for Venus in one billion years.

Evolution to current conditions on Venus occurred as atm
spheric H2O was lost due to the exospheric escape of H. As
atmospheric SO2/H2O ratio rose due to smaller ongoing vo
canic sources of SO2, the thicker H2SO4/H2O clouds we see
today developed. Current conditions are maintained by the c
tinued low-level outgassing of SO2 and H2O from volcanoes
active in the past 20 My. This conclusion is roughly cons
tent with that of (Fegley and Prinn 1989), who from geoche
ical arguments alone concluded that the venusian clouds w

dissipate in 1.9 Myr without volcanism to replenish atmos-
pheric SO2.
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THE RECENT EVOLUTIO

Climate Change on Venus—Future Missions and Data

The study of climate change on Venus provides us with
means to investigate a fascinating interplay between global-s
processes and planetary climate. The true story of Venus’
can only be told when sufficient data have been collected f
the planet. There are a number of mission possibilities tha
both practical and capable of illuminating the issue of Ven
climate evolution.

The signature of atmospheric and surface evolution is to s
degree written in its rare gas and isotopic abundances. Si
icant gaps in these data exist, leaving us unable to disting
the relative importance of volatile outgassing, atmospheric
sion due to impacts, escape history, and the role of solar w
implantation and grain accretion in the formation of the i
tial atmosphere. In particular, Xe isotope abundances are al
completely unconstrained. For example, if terrestrial plane
atmospheres are the result of early hydrodynamic escape o
topically solar primary atmospheres, Venus’ Xe isotope com
sition should be significantly different from Earth’s (Owenet al.
1992, Pepin 1991). However, if terrestrial planetary atmosph
were formed mainly from planetesimals where Xe had alre
been fractionated to Earth-like composition, Venus’ nonrad
genic Xe isotope spectrum should be similar to Earth’s (Zah
et al. 1990).

A Venus Atmosphere Sample Return mission with the sin
goal of returning enough gas for an accurate determination o
elemental and isotopic compositions of the noble gases Ne
Kr, and Xe would significantly add to our knowledge of the orig
and evolution of terrestrial planetary atmospheres (Stofanet al.
1999). Such a spacecraft mission could potentially be sim
and inexpensive, having no instruments and minimal down
requirements.

A more ambitious and expensive mission, but with the po
bility of even greater scientific value, would be a Venus in s
explorer and sample return (Stofanet al. 1999). A determina-
tion of the oxidation state of the lower atmosphere and cr
age dating of the surface, and mineralogical analyses coul
fine our understanding of chemical processes at the surfac
of Venus’ resurfacing history used in climate reconstruction

A mission to Venus that involved aMagellan-like spacecraft,
but with the ability to do radar interferometry, would be a va
able tool for looking at dynamic surface processes. With orb
tracks within kilometers of each other, the motion of the grou
can be sensed through the construction of synthetic ape
radar fringes. A high-resolution altimeter could accompany s
a mission, improving topographic information on Venus by
least an order of magnitude overMagellan.

The best evidence for climate change on Venus is prob
contained in its surface record. A photovisual reconnaissa
of Venus is essential for making valid comparisons betw
Venus geology and geology on the other terrestrial planets. H
resolution images of recently exposed cliff faces may show

stratigraphic history that radar cannot. Diagenetic layers, indi
tive of eras of altered atmospheric chemistry, have been propo
OF CLIMATE ON VENUS 35
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to explain layering observed in the wall of Valles Marineris
Mars, for example, Treimanet al. (1995). Visual observation
of the surface are possible from either balloon-borne or
obot cameras (Campbellet al. 1999), or from aircraft that could
take advantage of Venus’ atmospheric superrotation to map
planet. These missions would obviously be more expensive
demand the development of new and risky technologies, bu
costs may be more than justified in understanding the evolu
of the only other Earth-sized planet within at least 4 light yea
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