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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). (© 2001 Academic Press
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INTRODUCTION

The Climate of Venus

At present the globally averaged surface temperature of Ven
is 735 K, with a 92-bar carbon dioxide—nitrogen atmosphere. A
efficient greenhouse effect prevails, sustained by an atmosph
whose major constituent is a powerful infrared absorber. Liqui
water is nonexistent, although its vapor exists in feeble amour
in the atmosphere. A menagerie of gaseous sulfur species, alc
with what water there is, provide fodder for the globally en
circling sulfuric acid cloud decks (Esposiat al. 1983). The
remarkably alien and hostile conditions of the atmosphere a
maintained by a special relationship between the physical pro
erties of its constituents. Water, to a large extent, absorbs i
frared radiation at wavelengths that carbon dioxide does n
(Sagan 1960). Similarly, sulfur dioxide and other sulfur gase
absorb preferentially in carbon dioxide—water infrared window
(Pollacket al. 1980a). These same radiatively active species, |
their trace amounts, are exhaled by volcanoes, sustain the clot
escape to space, and are most likely involved in reactions wi
surface rocks (Prinn 1985a,b; von Zaginal. 1983). All these
processes are temperature and concentration-dependent, at
is very likely that complex interactions among them influenci
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? C
alternatively, could Venus have been cooler, inhabiting a st
ble climate regime significantly different from what we see a
present? How stable is the current Venus climate, and how mig
perturbations such as volatile outgassing, exospheric escape,
surface/atmosphere interactions alter it? The pristine impact ci
tering record, superposed on a surface of extensive volcanis
suggests that the atmosphere may have been injected with la
quantities of radiatively active volatiles during a nearly globa
epoch of rapid plains emplacement. The steady decline of w
ter vapor on short timescales due to exospheric escape of |
drogen (Donahue and Hodges 1992, Grinspoon 1993) impli
that Venus may have had 100 times as much atmospheric wa
800 Myr ago than it does today. Heterogeneous reactions wi
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20 BULLOCK AND GRINSPOON

the surface, in seeking equilibrium, may have supplied or tak&®, were not considered except for their effects on mineral an
up large quantities of volatiles over timescales on the order aimospheric chemistry (the effects of clouds were also not col
100 Myr. sidered). Zolotov (1996) extended this analysis to include th
As an example, the steady loss of atmospheric water on gématic effects of a globally extensive epoch of volcanism. Ad
ologically short timescales (80—300 Myr) can readily influenaditional work along these lines (Zolotov 1995a,b) that focuse
the efficiency of the Venus greenhouse. Water abundance atdhnethe temporal changes of mineral stability fields as a rest
cloud tops, however, influences cloud production through tloé climate change suggests the rich connections between s
hydrolysis of sulfur trioxide (produced by the photochemicdbce/atmosphere interactions and climate on Venus.
oxidation of sulfur dioxide) to form sulfuric acid aerosols. Less The possibility of excursions in surface temperature has i
atmospheric water may tend to decrease the greenhouse efidications for the geology and geophysics of Venus. Mantl
and hence surface temperatures, but it may also result in thinoenvection models, which use surface temperature as a bour
clouds. Thinner clouds mean a lower planetary albedo, more soy condition, have sought to explain the thermal history o
lar flux delivered to the atmosphere and surface, and therefdenus in a manner consistent with the observed impact crateril
higher surface temperatures. Atmospheric radiative—convectieeord (Arkani-Hamedt al. 1993, Herrick and Parmentier 1994,
equilibrium and cloud albedo are coupled in a complex way drarmentier and Hess 1992, Turcotte 1993, 1995). The propag
Venus. Atmospheric regimes, defined by the abundances of wian of thermal waves into the mantle due to changes in surfa
ter and sulfur dioxide, probably exist where there is a negatitemperature may have been responsible for alterations in man
feedback between radiative—convective equilibrium and clogdnvection dynamics, which in turn could have affected surfac
albedo, providing stability to the climate. This may be the cagological expression and outgassing of volatiles to the atm
for present Venus. However, there are probably values for thesggere. Although the coupled evolution of climate and interio
parameters for which a positive feedback exists, causing Venhga's not yet been investigated in any detail, the possibility ¢
climate to undergo dramatic change. interior/atmosphere feedbacks is an intriguing one for the the
Other feedbacks must also exist for Venus’ climate as a resuial and climatic evolution of Venus (Phillips and Hansen 1998
of processes that either supply volatiles to the atmosphere or reThere may be some geological evidence for past climat
move them. Prinn (1985a,b; von Zahhal. 1983) first pointed change on Venus. Striking surface features are observed
out that the Venus climate could have been affected by chandéagellanimages that resemble fluvial landforms on Earth an
in cloud structure induced by periods of intense volcanism aiirs more than they resemble volcanic features (Kaegel.
variations in atmospheric SGand HO. Outgassing of radia- 1994). Venusian canali, up to 7000 km long, exhibit features sin
tively important volatiles by volcanoes provides the means #lar to meandering river channels and flood plains on Earth. Mar
alter atmospheric water and sulfur dioxide, and the potential&oe terminated by outflow channels that resemble river delta
shift atmospheric temperatures into new regimes of radiativ€hemical equilibrium with the atmosphere makes it likely tha
convective/cloud albedo feedback. Because the Venus grete upper crust contains large amounts of calcite, anhydrite, a
house is particularly sensitive to changes in absorbers that atieer salts. These salts could melt at temperatures of a few te
active in carbon dioxide thermal infrared windows, wide excute hundreds of Kelvins higher than Venus surface temperatur
sions in temperature and cloud structure are possible, especiailyay. Kargekt al. (1994) hypothesize that a molten carbonatite
with a rapid, globally extensive epoch of volcanic activity.  (salt-rich) “aquifer” may currently exist beneath a few hundrec
Communication of volatiles between the surface and atmmeters to several kilometers of solidified salt-rich “permafrost.
sphere on Venus may also occur due to kinetically favored h&toderately higher surface temperatures in the past could ha
erogeneous reactions at high surface temperatures and pnesbilized a vast reservoir of liquid, producing the fluvial fea-
sures. Atmospheric sulfur dioxide reacts quickly (relative tmres we see today.
geologic timescales) with carbonates under current conditionsThe origin of crustal plateaus, which contain the oldest sul
(Fegley and Prinn 1989, Fegley and Treiman 1992). As withce features seen on Venus (the tessera), is currently a subjec
the Clausius—Clapeyron equation for water phase changesirtense investigation. Structural analyses of the tessera indic:
the Earth, equilibrium abundances in the Venus atmosphere do&t crustal plateaus were formed by the extension of hot cru:
to reactions with minerals are exponential functions of tempéndicating an uplift and stretching origin consistent with a mantl
ature. The greenhouse effect and the clouds are influencedpbyme source (Phillips and Hansen 1998). Phillips and Hanse
changes in atmospheric sulfur dioxide, whose abundance in teoncluded that the most likely mechanism for the production ¢
depends on the surface temperatures it helps force. these tectonic features was an epoch of elevated surface temy
The effects of a constant volcanic outgassing of volatilegures during their formation.
on the pressure and temperature of the atmosphere of VenuRecently, it has been suggested that temporal variations
and subsequent mineral stability have been modeled previoudiynate and tectonic deformations of the crust may be strongl
(Zolotov 1992). In this work, changes in the greenhouse effemupled (Solomomt al. 1999). They note that widespread vol-
due to alterations in atmospheric g@bundance were calcu-canic plains preserve globally coherent episodes of deform
lated, although the more important greenhouse gas€sdiid tion that may have occurred over short intervals of geologic:
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on its way to Jupiter, improved our understanding of cloud cha
acteristics and variability with high spatial resolution images ©
the disk in the infrared (Carlsoet al. 1993, Grinspooret al
1993). Finally, improvements in spectral databases, particulal
for high-temperature water and carbon dioxide, have becor
available and permit more accurate modeling of infrared radi:
tive transfer in the atmosphere of Venus (Rothretal. 1998).
This paper provides the first synthesis of these results into
detailed model of climate interactions on Venus.

We investigate the recent evolution of Venus’ climate by quar
tifying the relationships between atmospheric species in the
mosphere, cloud structure, and the radiative balance of enel
in the atmosphere. We have developed numerical models of t
Venus greenhouse effect and cloud structure that employ the b
available spacecraft and groundbased data, spectral databa
and laboratory measurements. The newly available spacect
and laboratory-derived data mentioned above have how mad
possible to model the magnitude and temporal behavior of g
ological sources of volatiles, possible heterogeneous reactic

FIG.1. Wrinkle ridges trending NW-SE in Rusalka Planitia, frifagel-  between the surface and atmosphere, and exospheric escape
lanradarimages. The image is from MIDR F-05N177, has aresolution of 600 mésses. We have developed numerical models for these as w
pixel, and is approximately 300 km across. Itis centered aN8.I76.8E.  \yhjch serve as time-dependent drivers for the combined rad
tive transfer—cloud atmospheric model. Specifically, the theore

_ _ _ ical work we present has been designed to provide answers
history (Basilevsky and Head 1996, Head and Basilevsky 1998e following questions:

Sandwellet al. 1997). In particular Solomoat al. (1999) hy-

pothesize that stresses induced in the lithosphere due to exl. How do variations in atmospheric water and sulfur dioxids
cursions in surface temperature and the downward propagat®gct cloud structure and planetary albedo? How do these,
of the resulting thermal wave would have been superposed . affect the temperature at the surface?

the gravitational stresses associated with topography and laterad- How does the equilibration of atmospheric sulfur dioxide
variations in lithospheric structure. This is consistent with th#ith surface minerals affect cloud structure and surface temp
observation that wrinkle ridge orientations on the plains recofdure, and over what timescales?

the gravitational stress field, but also explains the narrow, glob-3- How have changes in atmospheric water abundance d
ally synchronous time interval (10-100 Myr) in which they weré0 €xospheric escape of hydrogen and volcanic outgassing

formed. An example of the globally ubiquitous plains wrinkidected cloud structure and surface temperature, and over wi

ridge units is shown in #MagellanSAR image in Fig. 1. timescales?
4. What was the effect on Venus’ cloud structure and su
Theoretical Approach to Modeling the Climate face temperature of an epoch of rapid plains emplacement
Evolution of Venus widespread, global volcanism?

Recent developments have made it possible to refine theoret-
ical models of the Venus climate and its recent evolution. Mo§APIATIVE TRANSFER IN THE ATMOSPHERE OF VENUS

importantly, thel\/lagellanmlssmn.hgs given us a deta|leq plC'Atmospheric Radiative—Convective Equilibrium Model
ture of the surface geology, providing important constraints on
the magnitude and timing of volatile outgassing (Bull@tlal. The goal of the Venus atmospheric radiative transfer mod
1993, Namiki and Solomon 1998, Saundetsl. 1992). Labo- is to accurately describe the transport and balance of ener
ratory experiments on the thermodynamics and kinetics of hetithin the atmosphere. Ultimately, the model should predic
erogeneous reactions under Venus-like conditions have yieldedrmal infrared fluxes, temperature structure, heating rate
important insights into the role that surface/atmosphere reaad stability structure consistent with spacecraft and groun
tions may play on a global scale (Fegktyal. 1995, Fegley and based observations. In addition, the model must be flexible al
Treiman 1992). Groundbased observations of the night sidefa$t enough to predict these quantities with respect to vari
Venus in near-infrared windows have allowed for the retrieval ¢éibns in solar flux and atmospheric composition as they me
trace species abundances in the deep atmosphere (Bgzdrd change over time. To this end, we have chosen to develop
1990, de Berglet al. 1995, Meadows and Crisp 1996, Pollaclone-dimensional, two-stream model of infrared radiative tran:
et al. 1993). TheGalileo spacecraft, during a swingby of Venusger that employs correlateklgaseous absorption coefficients to
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describe the spectral properties of the gases (Lacis and Oinakulated from a simple gray two-stream calculation of sola
1991). The HITRAN 1996 and HITEMP databases provideghergy scattering and absorption (from 0.4 to jir8) within
high-resolution spectral data (from laboratory and theoretiddle clouds. Cloud-top altitudes are mostly controlled by pre:s
work) for nine molecular species found in Venus’ atmosphersure, so we scaled thioneer Venusabsorption profiles in
CO,, H,0, SG, CO, OCS, HDO, HS, HCI, and HF (Rothman pressure.

et al. 1997). Atmospheric abundances for most of these species

were taken from the Venus International Reference Atmosphétesults of the Venus Radiative—Convective Equilibrium
(VIRA) (Kliore et al 1986), with HO abundances updated Atmospheric Model

by more recent retrievals from Earth-based near-infrared specyy,q temperature as a function of altitude, as calculate

troscopy (Crispet al 1991, de Berglet al 1995, Meadows and ,, 16 nominal model, is shown in Fig. 2. Plotted along with i

Crisp 1996, Pollackt al. 1993). Correlated-absorption coeffi- ¢y, \/IRA atmospheric temperature profile. They are matche
cients for 68 spectral intervals in the infrared were mterpolat%q(tremely well everywhere except above 70 km. As noted b
in pressure and temperature from tabulated line-by-line calcys o \workers (Crisp 1986, Tomaskbal. 1980), some extra
lations (_)f the HITR_AN 1996 a_n_d HITEMP database_s. The%%urce of opacity above the cloud tops is necessary in models
cumulative absorption probabilities were convolved with atmag . rately predict the upper atmosphere temperature structt
spheric mixing ratios to ca}lculate the gaseous absorption of Wﬁditionally, UV deposited in the atmosphere, mostly above
Venus atmosphere. Continuum opacity due t0,QIessure- 7 ym has not been accounted for since the net solar flux
induced transitions (Moskalenke al. 1979) and HO contin- ,qe4 frompioneer Venusave a cutoff at 0.4:m (Tomasko
uum (Liou 1992) were also included, as was Raylelgh scatterigg, 1980). The addition of small numbers (20 cof large

by CO, and N (van de Hulst 1981). Cloud aerosol size modeﬁ — 3.65 um, also known as Mode 3) particles above 65 km

and number densities were derived from analysis oP@eer i 4 scale height of 4 km, was necessary to achieve this exc
Venusnephelometer data (Knollenberg and Hunten 1980). Opiyt agreement between the Venus radiative transfer model a
tical data for HSOy/ H,O aerosols (Palmer and Williams 1975)(he VIRA temperature structure.

were used in Mie calculations to determine aerosol eXt'nCt'onCaIcuIated outgoing infrared radiation from the top of Venus

optical depths, single-scattering albedos, and scattering aS3éff?f1osphere is shown in Fig. 3. Also plotted is the Planck func

metry factors due to cloud particles (Hansen and Travis 1974), \ i 232 K, the approximate temperature at which the Vent

For the purpose of modeling the present Venus atmosphelgn ssphere emits. Less flux is being emitted at 666!atne to
solar net fluxes from th®ioneer Venudlux radiometer were the 15,:m CO;, band; the atmosphere is absorbing in this ban
used as a constraint (Tomaskbal. 1980). Infrared flux cal- 5,56 the average level of the 232-K emission. A major depa
culations used the hemispheric mean approximation, aPPrOR{fre from the 232-K Planck function is the excess net flux emitte

ate to an emitting, highly absorbing, and scattgring atmosphtﬁﬁhe CQ window region 2.1 to 2.¢:m. Although opacity due
(Toonet al. 1989). Use of the correlatddmethod mvolve; map- 4 the CQ continuum and 2.3:m CO band contribute here, the

integration (Abramowitz and Stegun 1965, Arfken 1985). To
calculate radiative equilibrium, net infrared fluxes that balanced 80
the observed solar net flux profile were determined, using an I
iterative variational method (McKagt al. 1989, Pollaclet al.

1980b). Calculations were done with 24 atmospheric layers, with 60}
initial values from VIRA (Klioreet al. 1986). Convection was
treated by taking the radiative equilibrium temperature profile
and adjusting the lapse rate to be adiabatic wherever the radia-
tive equilibrium lapse rate exceeded the adiabat (Mckiagl
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

Altitude (km)
o~
o

Radiative—Convective Equilibrium

. L| --—---— Observed Temperoture
in the Venus atmosphere. 0 ‘ ‘ .

The calculations of atmospheric temperature structure for 0 200 400 600 800
other atmospheres, i.e., different cloud albedo and atmospheric Temperoture (K)

comp_osmon, were accomp“Shed by {issumlng that solar ab'FIG. 2. Temperature profile calculated from the Venus radiative transfe
sorption was altered only by changes in cloud albédoneer model (solid line). For comparison, the Venus International Reference Atmg
Venussolar absorption profiles were used, scaled to cloud albegpbere is plotted with a dashed line (Klicreal. 1986).
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cos L — — levels. The resultis that hydrogen “jumps ship” from®vapor
50, - - to H,SOy vapor, and the above-cloud atmosphereis dry, at 1 pp
s - - — H,0. The HO vapor mixing ratio increases with depth into the
w00, 100 oamavelengh (um) 0 . clouds as HSO, vapor decreases. We assume the abundance
2 000000 ' A— ' ] the important sulfur gases, $@nd OCS, vary within the cloud
£ [ | T e R P52 o in equilibrium with the changing $50, abundance. We also
> 10.0000k 4 assume that S{below the clouds, the product o,BO; ther-
9 mal decomposition, is reduced by CO, causing a decline in C
Tm 1.0000 - abundance toward the surface (Krasnopolsky and Pollack 199
£ SO, levels at cloud top are about 20 ppb (Esposito 1984). In tf
w  0.1000F 7 lower atmosphereRioneer Venusind Venera 1112 measure-
) ments indicated a value of 150 ppm (von Zatal. 1983), while
E 0.0100 7 | an analysis offega land2 descent probe data implied g&bun-
; 0.0010L i dances decreasing to approximately 25 ppm near 12 km (Berta
S et al. 1996). Rich in oxidized sulfur, Venus’ lower atmosphere
S 0.0001 - should react with surface rocks. Calcium silicates are persuad

1000 2000 3000 4000 5000 6000 1o alter to calcium sulfates, especially at the high temperatur
Wavenumber (cm™') of Venus’ surface (Fegley and Treiman 1992).
_ _ _ _ _ Changes in the thickness of Venus’ clouds will have two ef
FIG. 3. Outgoing thermal infrared fluxes in cgs units as a function o

wavenumber from the Venus radiative transfer model (solid line). The dash{éaaCtS on climate. They will alter the visual albedo of the plane

line is the Planck function evaluated at the effective radiating temperature_‘i]?anging the i_nput of SO'?—" energy, and they can alter the thern
Venus, 232 K. At the top are lines indicating the major absorption bands isffrared opacity of the mid atmosphere, affecting the temper

COz, H20, SQ;, and OCS. ture in the atmosphere and at the surface. What is needec
a simple cloud model that can respond to changes in the

: T o . .. mospheric abundances o8 and SQ, and predict changes
would shift emission into this window, decreasing the efficiency ¢, structure, infrared opacity, and albedo. Cloud particl

of the greenhouse effect and limiting a further rise in surfa¢g .\her density, size, and composition are rarely limited or eve
temperature. nge\{er, 'Frace species in the Ve”‘%s at,mOSprLedﬁtrolled in real cloud systems by the concentration of conde
play a key r_ole n th|_s window 2.1 to 2,6m. The vibrational sible species in the atmosphere. On Earth, the competition t
first harmonic of CQ IS Iocated atz8n, and OCS hasa St_rongtween nucleation, condensation, coagulation, evaporation, a
band at 2.4:m. Variations in abundances of these constituents jimentation of water aerosols is largely controlled by the ma
could strongly influence absorption within this €@indow.  i,de of vertical motions. Cloud formation on the Earth alway:
requires atmospheric lifting; a relatively dry atmosphere witl
large vertical motion can have clouds, while a humid, stagna
atmosphere may not. For a given water vapor height profil
more vigorous vertical motions result in a denser, thicker clout

The photo-assisted reaction of atmospheri®©Hand SQ, On present-day Venus,/1000 of the available atmospheric
derived by oxidation of S produces fine aerosols 0bHO, SO, has hydrated and condensed witHLQ0 of the available
in the Venus middle atmosphere. These aerosols are produeke® to form the BSO,/H,O aerosols that make up the clouds.
at 62-68 km, and sediment and grow into four distinct sia%e have combined an adaptation of a thermochemical model
modes at lower levels (Krasnopolsky and Parshev 1983, Yuxgnus’ cloud aerosols (Krasnopolsky and Pollack 1994) with
and DeMore 1982). Within the cloud,,® and HSO, are ap- simple microphysical cloud model. Diffusion and condensatio
proximately in chemical equilibrium with their aerosols. Belowpf H,SO4/H,O aerosols in Venus’ cloud layers are used to corr
athighertemperatures, all the aerosols have evaporated, and palg the position of the lower cloud boundary, profiles gOH
SO, vapor remains. The evaporation 0$$0, occurs at about and SO, vapor mixing ratios, and the flux and composition of
48 km, the average cloud base. The vapor phase continue$it&O,/H,0 aerosols as a function of the column photochemic:
exist down to 432 K (38 km), where itis thermally decomposegroduction rate of HSO;.

The reservoir of HSQ, vapor below the cloud base provides The number densities and sizes of aerosols, according
a source for the formation by condensation of the lower cloude cloud microphysics inthe model, are mostly controlled by th
particles (Jamest al. 1997, Krasnopolsky and Pollack 1994)upward flux of SO, vapor. The greater the flux, the thicker the
At the conditions of the upper cloud,,® condensation is fa- cloud. This vapor flux is partly a function of atmospherig3D,
vored slightly over HSO,. Because of the steeper dependence obncentration, but it is also a function of the concentration gre
vapor equilibrium on temperature (via the Clausius—Clapeyraiient, established by the altitude of the lower cloud boundal
equation) of HO, less of it in the atmosphere is vapor at highgjset by the condensation temperature) and the altitude at whi

ATMOSPHERIC CHEMISTRY AND CLOUDS

Cloud Model
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photochemical aerosol products are formed (set by pressutbat particles formed within the cloud drift downward with the
Since these altitudes are determined by radiative—convect®&mkes velocityys, the flux of particulate HSOy is
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 §®1,0, and the density of the
clouds. wherem; is the mass of a single particle, aNg is the number
Our cloud model is similar to that employed by Hashimotgensity of particlesNa is Avogadro’s number andiy,sq, is the
and Abe (1996) to investigate the evolutionary implications @folar weight of HSO,. The lifetime of particles drifting down
cloud albedo changes on Venus3®, vapor is produced pho- through the cloud of thickneds with velocity vs is
tochemically within a narrow region of the upper cloud, at ap-
proximately 160 mbars. The top of this upper layer is designated o= B — _9D’7 ,
Zpnot H2SOy vapor diffuses downward, being partly depleted vs  2gpr2
by condensation, but ultimately being destroyed by thermal de- i i L i ,
composition at 432 K. The column abundance 68, vapor, Wheren is the viscosityg is the acceleration due to gravify,
Ni,sa,, Within and below the cloud base, neglecting condenss-the particle density, andis the particle radius.
tion, is related to the column production rabg,so, via _ If we assu_me steady state_ so that the tlmescqle fqr Brow
ian coagulation of aerosolsg, is the same as the time it takes
ot by g0, for particles to drift through the cloud, a relationship betweel
NH,s0,(2) = —/ K@ dz (1) particle size and number density is obtained. The timescale f
Za K Brownian coagulation is

vemMy N NA
®pH,s0, = ﬁ, (%)
2

(6)

with boundary condition

1
T KNy @
NH,s04(Zbot) = 0, 2 cfp
whereK (2) is the altitude-dependent eddy diffusion flux. BeloW!n€reKe is the coagulation constant. The relationship betwee
the region of thermal decompositiaz, Ni,so, vanishes. the size of the particles and their number densities is
A strong gradient of SO, vapor below the clouds drives a 5 2
large upward flux of HSO, which condenses to form the lower Np = = 9pr . (8)
cloud and produces a compensating downward flux of liquid 9
H,S0O,. H,O and HSO, vapor abundances within the cloud ar . . . .
determined from their respective saturation vapor pressures :ggtjatmnsN(S) ar;d (_?_)h are two allgeg)rayc e|;<pre33|olnsf n thec}.“
H,SOy/H,0 solution. Aerosol solution concentration is deters" n0\;vns P ‘Tm é‘t %)t/ are ‘30 vee st{mu ?Pheouls ydqr ::on "
mined by including temperature-dependent chemical potentig%gs ateveryievetto oblaina description ofthe cloud interms

in the relationship between the saturation vapor pressure of p8 article number densitid, and radius .

H,O and vapor pressure of,B in solution (Zeleznik 1991). he mechanism for numerically modeling cloud propertie:
The H,SO; vapor flux is calculated from is shown schematically in Fig. 4. Substituting the results fron

this simple but versatile cloud model for tR®neer Venusloud
d Nsh,s0,(2) number densities allows an investigation of the effect that chan
Puh,s0,(2) = _KKT Z > Zp, (3) ing SO, and HO abundances can have on the radiative balanc
of Venus’ atmosphere.
whereNsp,sq,(2) is the SOy saturated vapor number density In this cloud model, we make the assumption that $
and is calculated from the available thermodynamic data aadailable at the cloud tops exclusively for producingS@.
the ideal gas law ang, is the lower cloud boundary. This netNo doubt a cocktail of other sulfurous gases is also produce
upward flux and downward eddy diffusion fromy$i0; vapor photochemically, some of which are probably responsible fc
production (which is smaller) must be balanced by a flux dlfie as yet unexplained absorption of near-ultraviolet solar radi

particulate HSO, tion within the clouds. If significant quantities of near-ultraviolet
absorber are also created along witfSiy, cloud albedo will
dpn,s0,(2) = Pr,so, + Pvm,s0,(2)  Z > Ziep. (4) be determined by a competition between moS€, aerosol

scatterers and greater absorption of solar energy in the near ult

The lower cloud base is defined by the level at which théolet. A more detailed model of solar energy radiative transfe

H,SO, vapor pressure equals its saturation vapor pressure. Tine/enus’ atmosphere would be required to fully address thi

downward flux of HSO4/H,O aerosols and their compositionquestion. However, since the identity of the (presumably sulful

within the cloud are used to calculate their size and numbesised) molecular absorber is unknown, itis difficult to assess
density using a simple cloud microphysical model. Assumirmyerall net effects of variations in atmospheric Sf®undance
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FIG. 4. H>0 and SO, abundances within the nominal cloud model. The mixing ratio 5@, in the absence of condensation is shown by the solid line
The saturation mixing ratio of $80, over H,SOy/H20O solution for the calculated weight fractions is shown with the dot—dashed line. The lower cloud bound
Zich, IS Where these two curves intersect. ThgHmixing ratio within the cloud, calculated from the conservation of hydrogen, is shown with the dashed cun

at the cloud tops. For this reason, for the present model, variairly crude; however the essential features are similar. Althouc
tions in planetary albedo due to variations in the near-ultraviolite model does not account for the production and transport
absorber are ignored.
The total cloud particle number densities as a function ahd approximate total number densities are similar toRke
altitude are shown in Fig. 5 with the solid line. Comparisomeasurements. Due to the simple physics used in the model, s
with the Pioneer VenugPV) nephelometer results for the reaimodes are not distinguished much by radius and their spat
Venus clouds (dashed line) shows the model cloud structure todagregation in the cloud does not occur. However, the prop
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line). Results for the real Venus cloud from fieneer Venusephelometer are NUMber densities and particle size and composition properti

shown with the dashed line.
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Nominal cloud number densities as a function of altitude (soli

distinct particle populations, the altitude of the cloud base, top

altitudes and pronounced lower cloud, as well as the resul
of Mie calculations, suggest that such a model is adequate f
studying the coupled effects of greenhouse warming and albe
feedback.

Coupling the Cloud Model to Radiative
Equilibrium Calculations

The most interesting effects that changing clouds would hay
on Venus’ climate are on its albedo and subsequent solar fl
forcing. In addition, thermal infrared forcing changes with clouc
opacity. The coupling between radiative effects in the atmc
sphere and changes in cloud structure engendered by vary
SO, and HO atmospheric abundances on Venus may now k
studied. Coupling the cloud model with the radiative—convectiv
galculations of the previous section involves inserting the clou

into the radiative transfer code.
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950[ T ' ' ' ' ' ] variations in SQ@ below current values, but they can only drop
' ] when SQ s increased beyond its present abundance. Below cL
rent H,O abundances, the surface temperature never rises mt
above current values. For $@bundances greater than 2 ppm
(one-hundredth current values) os®labundances greater than
5 ppm (one-sixth current values) increasing cloud albedo don
inates, and surface temperatures drop. This continues to be |
case as Sg£abundance increases. However, a®lis increased,
the enhanced greenhouse dominates, and the surface temp
ture rises rapidly to 900 K as the clouds thin.

] The important result here is that there is the potential for th
. . . . . ] surface temperature of Venus to become very high when atm
109 10" 102 10°  10* 10° spheric HO is abundant, but this is not true for &G urther-

Atmospheric Mixing Ratios (ppm) more, dissipation of clouds due to lowereg@and SQ abun-
FIG.6. Surface temperature as a funjcﬁon of the abundance of atmosphgg%gclg Sai%e\?vi?f? ttrllgccr:leoal'fgstgﬁnseu gﬁgg;&rgfigaetirfﬁzggvé .at
SO, and KO for the coupled Venus radiative transfer/cloud model. The soli ’ ' ju
line is for HO, the dot-dashed line is SODiamonds indicate the current Slightly cooler than it is today.
atmospheric abundances and surface temperature. Surface temperatures stifne surface temperature of Venus can be affected by chang
between 700 and 800 K until abundances are greater than about 1000 pfatmospheric abundance of key radiatively active species su
As H0 increased beyond that, the surface temperature reaches 900 K. Futlieq y 5 SQ. These same volatiles, however, are involved ir
increases in surface temperature a©Hiixing ratio is increased are limited by . . . .
emission from the atmosphere in the window 2.14217. As SQ is increased the construction of Venus’ clouds, which wield a powerful In-
beyond 1000 ppm, surface temperatures cool below 700 K (due to increafistence on the energy balance of the planet through their albec
cloudiness). Atmospheric temperature and pressure structure influence clo
physics and hence optical properties of the clouds. Atmosphel
The climatic effects of varying atmospheric® and SQ@ and surface temperatures are therefore influenced by a fail
on the combined radiative transfer/cloud model is illustrated ®pmplex feedback between the greenhouse and cloud albe
plotting the surface temperature as a function of these abwvhen variations of HO and SQ are considered. In addition to
dances in Fig. 6. In Fig. 6 each of these constituents is varieaving all these effects on the energy balance of the atmosphe
independently, while leaving the other at its current mixing rati®0; and HO (along with CQ) are the major volatiles outgassed
As these abundances drop the clouds become thinner, increabingolcanoes over the course of geologic time on the terrestri
the available solar flux. However, infrared opacity is reduced dpanets (Kaulaet al. 1981). Defining the possible time history
to less absorption by these gases deep in the atmosphere anef iyese volatiles from surface sources is the subject of the ne
less infrared opacity in the cloud regions. Lowering cloud albeggction. Together with the climate sensitivity studies of this se
dominates, and the atmosphere becomes hotter. Because itiog, the basis for discussing the magnitude, rate, and timesca
comes hotter, the cloud base is shifted upward, and the clowfigossible climate evolution will then be available.
become thinner still. Clouds disappear entirely when the deep
H,O abundance drops below 0.3 ppm or the,SbBundance GEOLOGICAL SOURCE OF VOLATILES
drops below 1 ppm. An interesting transition occurs when at-
mospheric HO is increased to more than about 50 times its Volcanoes provide a time-dependent source of volatiles to tt
current value. Because the Venus greenhouse effect is so sestsiosphere, a process shared by the Earth and Venus. Althot
tive to H,O abundance, the atmosphere heats up sufficientlyuariations in the volcanic flux do exist, heat transport by th
overcome the effects of increased cloud albedo. The result israation and subduction of lithosphere on the Earth provide
rapid decrease in cloud thickness and albedo, as the rising atmateady and reliable means to transport heat from the interi
spheric temperatures erode the cloud base from below, leav{iigrcotte and Schubert 1982). The formation of immense vo
a high, thin cloud. canic provinces on the Earth, possibly associated with larg
For very low abundances ofJ@ and SQ (0.3 and 0.2 ppm, buoyant plumes of magma within the mantle, may also be ass
respectively), no clouds exist but the surface temperature is aboiated with larger impulses of volatiles to the atmosphere (Coffi
725 K, slightly cooler than present conditions. The reason f&@®94). On Venus, it appears that transport of heat from the i
this is threefold: There is a lower infrared gaseous opacity, theegior has been accomplished in the recent geologic past by t
is no cloud infrared opacity, and the cloud-free planetary albeflirmation of the basaltic plains, and later by the large volcanoe
isrelatively high (0.4) due to Rayleigh scattering. As abundanciémst grew on top of them. Plate tectonics, except possibly on
increase, however, the surface temperature rises due to the dlimited scale, is not in evidence (Schubert and Sandwell 199¢
inance of extra gaseous and cloud opacity over cloud albedassive volcanic edifices do exist, however, perched above vc
effects. Surface temperatures can rise as high as 800 K duedaic plains that cover 80% of the planet (Headl. 1992). The
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remaining 20% has experienced severe tectonic disruption, pcs. 1 ox10'*r ; .

sibly as a prelude to plains emplacement (Basilevsky and He@w i e T g et B

1995). o 1.0x10' R S A S
The average crater density on Venus, as revealed by detail% i TR = 10° rs) R = 10 km

radar images from th#lagellanspacecraft, implies that the sur- é 8.0x10'3 I N

face of the planet is 600—1100 Myr old (McKinnebal. 1997, =z -

Phillipsetal. 1992, Schabeat al. 1992). The nature and rates of ¢ 6-0x10°"r ]

the planetary resurfacing processes are recorded in the styles eg 13F

distribution of modified craters. A distinctive feature of Venus'= 49*'0 7r ]

crater population is that only a small number of them are ap% 15t

parently modified by volcanism (Phillipst al. 1991, Schaber 5 2.0x10°7T p

etal 1992). Schabegst al. 1992 report that out of a total of 912 X Of o ST S

identified impact craters, only 4—7% are partially embayed b 100 150

volcanic lavas, while 33% are tectonically modified. These fact Time (My)
alone suggest that the surface is young and has undergone little
geologlcal proceSS|ng s|nce |t was emplaced The |mpllcat|0n |SF|G 7. Thetime hlstory of HO outgassing fO”OWIng a Catastrophic resur-
that an older surface may have been almost entirely wiped &fi"d 8vent. The traces show the expected outgassingOf &$suming an

. . . . abundance in the lavas of 50 ppm, a globally averaged quantity of lava 1-10 k
during an epoch of rapid resurfacing followed by a qwesceg@en and a time constant of 10100 Myr for the event.

period and the collection of random impacts from space ever

since (Bullocket al. 1993, Schabest al. 1992). as time-dependent inputs to the Venus climate model to inve

The degree to which the geologic history of Venus has . o
. . 2 ate the response of the atmosphere to plausible evolutiong
fected its atmospheric evolution is dependent upon the volati : : . .

anges induced by the unique geological history of the plane

content of its magmas. By assuming an atmospheric steady s?a e
between present-day outgassing and escape to space, Grinspoon
(1993) estimated an upper bound for th&H-ontent of erupting
lavas _of about SQ ppm. Thisis consistgntwith more detailed geé’ﬁrface/Atmosphere Interactions
chemical modeling of crustal reservoirs (Namiki and Solomon
1998), who found an average mantle abundance of 5 ppm, anémall changes in radiatively active atmospheric species c
concluded that crustal magmas are probably enhanced abghange the magnitude of the Venus greenhouse effect and sl
10-fold. For lack of better data, we will assume 50 ppm ¢0H the equilibrium points of key mineral buffers, resulting in an im-
in erupting lavas, far lower than the 1% or so found on the wettgertant climate feedback mechanism. If this is the case, perturk
Earth. tions to the atmospheric inventory of radiatively active specie
SO, abundances are harder to constrain, but we chose a vatagsed by volcanic eruptions, may have a significant impact ¢
that is characteristic of the mass abundance ofi@@®errestrial the climate of Venus and upon the stability of the greenhous
Ocean Island Basalts and in magmas that formed the large égfect.
neous provinces on the Earth. These are the most likely analogg;leterogeneous reactions between,2@d the surface are
compositionally, for the flood basalts of Venus’s abyssal plaindeen to proceed rapidly in chemical kinetics experiments pe
These magmas are essentially saturated ip, 8@h a weight formed under Venus-like conditions (Fegley and Prinn 198¢
fraction of 0.2% (Kaulaet al. 1981). This value was used toFegley and Treiman 1992). Since the deep atmosphere abi
estimate atmospheric source functions for the present modetlahces are one to two orders of magnitude higher than can
Venus. accounted for by equilibrium with surface minerals (Fegley an
Given these assumptions, we developed some simple modeiiman 1992), this implies active sources and sinks of sulfur.
for the recent outgassing history of Venus based on the hypotlerface reactions are indeed active in altering atmospheric S
sis that the surface records at least one globally extensive epaol if reaction rates are significant on geologic timescales, it
of rapid plains emplacement. Estimates of the magnitude apidinterest to assess the impact they may have on the climz
timing of such an epoch suggest that the planet was almost cof/Venus. Our consideration of the effect of surface/atmosphe
ered in magma to a globally averaged depth of from 1 to 10 kr@actions on atmospheric abundance over geologictime on Ver
in 10—100 Myr (Heacbt al. 1994, Stronet al. 1994). We model is restricted to a reaction for which reliable kinetic data ar
this event as an exponentially decaying impulse whose toaailable.
magmatic output is integrated to yield a layer either 1 or 10 km Fegley and Prinn (1989) directly measured the surface ree
thick. The time constant for this event is taken to be either 1@n rate of the S@anhydrite buffer:
or 100 Myr. These models are summarized in Fig. 7, where the
total flux of H,O is shown as a function of time. This result and SO, + CaCQ « CaSQ + CO. ©)
a similar one for the flux of S@into the atmosphere are used (calcite) (anhydrite)

GEOCHEMICAL PROCESSES ON VENUS
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Their results were derived for current Venus surface condit the interstitial spaces of the soil. Without an external concer
tions (T = 735 K, Psg, = 12 mbar), and the reaction rate as #&ation gradient, the flux of molecules impinging upon the plan

function of temperature was found to be of the Venus surface would be equal to the flux of molecule
064 15248 reentering the atmosphere. A concentration gradient is set up
Ro = 10'*%%e™ "1 molecules/crhs. (10) the soil, however, by diffusion of the vapor phase downward an

. . . . subsequent reaction of the gas with soil grain surfaces.
_ Rgactlon rates in a planetla.lry setting will _depend not only on Thus the net effect of the proposed S@nydrite buffering
kinetics, but also on the ability of gas to diffuse to new r€aG: o chanism on Venus' climate is dependent upon temperatt

tion sites on the surfacg of mineral grains. Thus, diffusion InEﬂrough both the reaction rate and the diffusion coefficient. Fu
and out of the Venus soil must also be taken into account w rmore, through the flux equation, the surface reaction ra

consplermg the net effect of heterogeneous reactions on atqo; g, dependent directly upon the atmospheric concentrati
spheric S@ abundances. In order to scale these laboratory d%%nd at the surface.
to present Venus and to other climate regimes (i.e., other teMHn Venus. the evolution of SOnay involve outgassing due
peratures a”?' partial pressurgs), a reaction/t;iiffusion.formali%rbolcanism” as described in the previous section, as well as t
was u;ed. Ihis the atmogphenc number de,”s'tY Of;S@IS'the effects of surface/atmosphere interactions. Using the reactio
depth 'nto the S(.)'I' an@ is the molecular diffusion _coefﬁment diffusion scheme presented in this section, it is possible to col
for SQ;in the soil pore space (we assume a porosity of 0‘5)_' t'ﬂ’ﬁ/e plausible scenarios for the evolution of these volatiles il
atmo;phenc number Qensny of 2@t the surface due to thISthe atmosphere under varying surface conditions. In these mc
reaction may be described by els, we assume that an adequate surface sink fer(iS®, car-
an 2n n bonate) exists and is replenished over geologic time. The exi
Friire) + o (11) tence of calcite can be inferred from the Venera and Vega XR
data that 7% of the soil is composed of Ca-bearing minera
Here, the rate constaifso,, derived in the laboratory, is sim- (Barsukovet al. 1986) and from some level of presumed chem
ply 1/7. ical equilibrium with the thick C@ atmosphere.

Laboratory experiments on the reaction of S@th calcite  Although it is possible, even likely, that atmospheric L£O
have indicated that CaS@nds develop on the calcite, possiblycan react with surface silicates under present Venus conditio
reducing pore space and limiting porosity to values as low as 0.@ullock and Grinspoon 1996, Lewis 1970), the kinetics of thes
(Burkeet al. 1994). However, we have found that the timescaleactions is poorly known. For the present work then, we assur
for the diffusion of SQ@ into the surface to react with freshthat such reactions are kinetically inhibited and have little bea
carbonate is far from the limiting timescale for the removal afhg on the recent evolution of climate on Venus.

SO, from the atmosphere. The Knudsen gas diffusion coefficient

within the Venus surface, which we have calculated to nominalfjkospheric Escape Processes

be approximately 1 cné/s, could be as low as 18 cné/s. _

However, the depth to which a gas can diffuse goes as the squark€ current escape flux of H from Venus is due to two mect
root of the diffusion coefficient = (Dt)Y/2. Even for a porosity anisms: an electric-field-driven flow of ions in the_ night-side
of 0.05, the depth to which the atmosphere and lithosphere Qyfirogen bulge, and charge exchange between haoks and

communicate on timescales of 1 Myr is on the order of 500 feutral H. Each of these processes have different solar cycle ¢
The entire inventory of Venus atmospheric S@ converted erage loss rates, but combined, they amount to an average flu»

\/ —2 o—1 i ihi
to anyhdrite, would require the communication ofy@lm of 1‘6,X 10" ¢ s (Donahue 1999). D, inhibited from escape
surface carbonate. Thus, reduced porosity due to the growtP¥filS larger mass, leaves Venus at a rate of about a tenth of tr
anhydrite rinds, even under extreme assumptions, has onlfH diffusion-limited escape, where the loss rate is limited b

negligible effect on the available surface sink for atmospherie€ aility of H and D to diffuse to the exobase, these amou
SO, and the timescales for its removal. to H and D lifetimes in the atmosphere of 170 Myr and 1.7 Byr

Solving the reaction—diffusion equation, the effective instaﬁgspectively. The diffusion limit approximation is utilized to cal-

taneous surface reaction rate is simply the net flux of B@ culate the loss of H and D from the top of the atmosphere in th
Venus climate model, although it a crude representation of tt

the soil, or ) . e .
actual loss physics. In this casenijfis the number density and
D\ 2 7« IS the lifetime against escape of spedies
F = n(—) , (12)
i e 1, (13)
and depends on the atmospheric number density, the lifetime, o o

and on the diffusion coefficient (Bulloait al. 1994). Diffusion

of SO, into or out of the soil proceeds due to the concentratidien the number density as a function of time is

gradient set up by its reaction with mineral surfaces. It is as- ‘

sumed that the atmosphere is in pressure equilibrium with gases Nk(t) = nk(0)e . (14)
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THE VENUS CLIMATE EVOLUTION MODEL

Summary
The previous sections presented mathematical models of fi Set Run Parameters
. ngauss, evo flags, duration, tstep
planetary-scale processes that affect the climate of Venus. Tt
were: J/
1. A nongray, one-dimensional two-stream model of atmc Establish Grids
o 2 . L d P(2), T(2), Xizk} 2
spheric radiative—convective equilibrium; [izstosge]
2. A cloud chemical and microphysical model of the distri; J/
bution and transport of $50,4/H,0O aerosols in the atmosphere; Create Cloud
3. Models of geologically recent crustal outgassing on Vent N(zradivs)
due to intense volcanism associated with rapid global plait orrermiaaE] \I/
emplacement; Calculate Radiative-
4. Equilibrium and kinetic modeling of the reaction of atmo y  Convective Equilibrivm
spheric sulfur dioxide with surface minerals; and tau, w, g, Flznu), Treon, Tg, a
5. Modeling of the loss of atmospheric water due to exd Cozest ]~
spheric escape of hydrogen.
These five mathematical models have been fashioned ir No

numerical algorithms that are executed as five distinct cor
puter programs. The Venus climate is simulated by linking the

Create ﬁ output.dat

programs into a time-marching, evolutionary model. Radiative Output Files, v Sutputeet |
convective equilibrium is first calculated for an initial model ime 1 Calculate Outgassed 02, H20
atmosphere. Changes to atmospheric abundances due to | L] X(zk), P(2)
cesses 2-5 are then calculated for subsequent time steps. Ti J/
are used as new atmosphere model inputs for the calculation Cruite Brospheric Fecape
radiative—convective equilibrium. The flow chart in Fig. 8 de > X(z.£). P(2)
picts how these programs are linked, the input files involved, th
output files, and the variables that are passed between them J/
N Surface/Atmosphere
Description of the Model Calculations Mak). P

Increment timestep 1

Here we report on the results of three calculations of the Venus
Climate Model designed to address the four questions on Venu$§1G. 8. Flow chart for the Venus climate evolution model. Input files are

climate evolution discussed in the Introduction. They are as félepicted as small rectangles at the left, output files on the right. In the cent
lows: column are the main program modules for the Venus climate model. Input fil

modelPT.dat and mixratios.dat are files of the initial pressure and temperature
Case 1. Investigates the climatic effects of steadily decreagh atmosphere and atmospheric mixing ratios, respectively. File chempot.da
ing atmospheric KO due to the exospheric escape of H Ové?tabulatlon of chemical potentials for liquigBOs/H,0 mixtures. Correlatedi-

oefficients for all gaseous species for the full range of pressures and tempe

1.84 Byr. The initial BO abundance is set to 100 times the Cufﬁres are indicated by the “correlatkd” input files, while continuum absorp-

rentvalue, approximately the amount that may be expected frQB data for C@ and HO are contained in the file continuum.dat. Cloud parti-
outgassing due to rapid, global plains emplacement (Grinspaséisizes and number densities are calculated by the cloud model and outpu
1993). The residence time for atmospheriglHs assumed to nomcloud.dat. This file serves as an input to the radiative transfer model and.
be 160 Myr (Grinspoon 1993). H escape is limited by its ab“itysed in the Mie scattering calculations. Optical data feS&4/H,0O aerosols

. . . are contained in the file palmev.dat, found in the HITRAN database. Solar
to diffuse to the exobase. Atmospheric Sibundance is set to flux absorption profiles for the current Venus atmosphere fRiomeer Venus

the current value. are contained in the file solarflux.dat. Parameters for the volcanic outgassi

Case 2 Investigates how Venus’ climate changes with th@story models and volatile content of magmas are contained in the input fi

. LS. . outgass.dat. Similarly, parameters for the time constant for exospheric esc:
rapld atmospherlc Injection of#D and SQ and exospherlc €s- of hydrogen are in exo.dat, while those for the thermodynamics and kinetics

cape of H (RO residence_ time Of_]_-60 l\_/lyr), _bUt also inc"-_‘degurface/atmosphere reactions (including temperature-dependent diffusion cc
the kinetics of atmospheric S@quilibration with surface min- ficients) are contained in input file surface.dat. In the program modules, ngad
erals. The outgassing associated with an epoch of rapid glolsdihe number of Gaussian intervals used for all integrations, P, T, X and z a
plains emplacement is assumed to have an e-folding Iifetiﬁ‘ﬂé atmospheric pressure, temperature, mixing ratios and altitudes, respectiv

. . pacities, aerosol single-scattering albedos, and asymmetry factors are tau
of 100 Myr, with a total amount of lava sufficient to cover theamd g. The fluxes are labeled as F, radiative—convective equilibrium temperat

planet in a_gl()b"_il layer 10 km t_hiCk- The initi_al abundance Qfiofile and surface temperature are Trcon and Tg, respectively, while a is t
atmospheric S@is set to approximately 0.01 times the curreniisible albedo of the clouds.
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abundance, or that which would exist if it were equilibrated withl,O over 1.84 Byr as a plot of atmospheric mixing ratio vs time
surface minerals at the current surface temperature. The initl740 Myr atmospheric KO abundance has decreased to th
abundance of kD is set to the current value. Although thes&alue of 30 ppm observed at present and marked with an asteri:
choices of initial conditions are somewhat arbitrary, we have p&8y 1.84 Byr, it has decreased to 0.03 ppm, or one-thousandth
formed similar climate evolution calculations with other startings current value.

conditions, not presented here. Beginning witfCHand SQ Figures 9b and 9c depict the evolution of the clouds as atm
abundances identical with current conditions or even 10 timsgheric BO decreases over this range. Figure 9b plots planeta
greater does not affect the results of this case or Case 3. Thiallsedo as a function of time, while 9c shows the time evolutiol
because the amount of,B and SQ outgassed during a largeof cloud opacity with altitude. The shading in Fig. 9¢c represent
volcanic event is great enough that within a wide range, initithe visual opacity of the cloud (at 0.63n); brighter shading is
conditions are essentially forgotten. higher opacity, while black is transparent. The opacity in atmc

Case 3. Investigates the climatic effects of rapid plains emspheric layers is shaded as a function of altitude, so the figu
placement, as in Case 2, but considers a much smaller amctfiiws how a vertical cross section of cloud evolves with time
of erupted magma. For this case, all the conditions are the sani@ure 9d shows how the surface temperature changes with tir
as in Case 2, except that the input to the atmosphere is that @g&tmospheric $0 declines in abundance. The present surfac

to a total amount of lava sufficient to cover the planet in a glob@mperature is marked with an asterisk.
layer 1 km thick. Exospheric escape of H leading to atmospher©Hbss is

only one of several planetary-scale processes that may affect
climate of Venus. This model allows us to calculate the effect

Case 1. Results from Case 1 are displayed in the four plotsf this process alone, thereby facilitating a comparison of th
of Fig. 9. Figure 9a shows the exponential loss of atmosphentagnitude of it to other planetary processes. Also, some gene

Results
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FIG. 9. Case 1: Exospheric escape of H with,= 160 Myr. (a) is the evolution of bD atmospheric mixing ratio as a function of time. (b) depicts the
evolution of Venus’ albedo as atmospherig®is lost. This case begins with an atmospheric abundance ©fikithe Venus atmosphere 100 times the current
abundance. The asterisk marks the current atmospheric abundang®.qitiHis the evolution of cloud optical depths as a function of altitude and time. (d) is tt
evolution of Venus’ surface temperature as a function of time. The asterisk marks the current atmospheric abund&hce of H
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conclusions about the sensitivity of the clouds and climate &rosols. The surface temperature drops dramatically in 50 M
changes in atmospheric,B® may be derived. from 900 to about 720 K as the greenhouse becomes less effici

Conclusions from Case 1 ResultsThere are four important 21d cloud albedo increases rapidly.
features of this calculation that bear on the recent evolution of>: With atmospheric D abundances between about 50 an
climate on Venus: 1/100 times the current abundance, the surface temperature

relatively stable. It varies from 720 to 750 K. Decreasing albed

1. With 100 times the present abundance eOHand no of the clouds as kD abundance declines is partially offset by
change in S@), the atmosphere is too hot (due to an enhancek decreasing effectiveness of the greenhouse. The net resu
greenhouse) to support a massivesk,/H,O cloud. Instead, a a slight increase in surface temperature over this range.
thin, high KO cloud exists with a visual optical depth of about 4, The clouds go away as atmospheric abundance,6f H
4 between 72 and 85 km. The surface temperature is slightils below 0.3 ppm, or 2100 times the current value. This is
above 900 K due to the increased greenhouse and lower plagge for this case, where S@bundance remains at its current
tary albedo. level. The surface temperature actually declines as the clou

2. As KO abundance decreases the atmosphere cools, allg-away due to losses in atmospheric infrared opacity of tt
ing H,SOy/H,0 aerosols to condense, creating a thicker clougas and clouds. Reduced atmospheric opacity dominates o
The thicker cloud has a higher albedo that cools the atmospheligedo effects because of the already high atmospheric albe
further, lowering the cloud base and thickening the cloud fufe.4) due to Rayleigh scattering in the dense,@®nosphere.
ther. This results in the runaway growth of the cloud to about
4 times the present optical depth when atmosphes{@ Bbun- Case 2. Results for Case 2 are shown in Fig. 10. Here
dance is about 50 times its current value. The runaway growtpidly outgassed $0 and SQ are subject to loss due to exo-
of the cloud is limited by the availability of $O to form cloud spheric escape of H and reactions with surface mineral
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respectively. Atmospheric mixing ratio of $@eaks at 0.002 about 870 K and remain that way for at least 150 Myr. The amr
due to the effectiveness of $Q0eactions with the surface plitude of the temperature excursion for this case is 200 K in th
(Fig. 10a). The outgassing event has an exponential decay tié®® Myr following an epoch of rapid plains emplacement.
constant of 100 Myr, while the S©mineral reaction has a time

constant of 20 Myr, at 735 K. Atmospheric8 abundance in-

creases 90-fold in 100 Myr, and ultimately decays with the life- Case 3. The climatic effects of a smaller episode of sud-
time against H escape, 160 Myr. Again due to the large injectiolen outgassing on Venus are explored in Case 3. Rapid
of SO, and HO, a massive cloud forms in the first 50 Myr,outgassed ED and SQ are subject to loss due to exospheric
increasing the planetary albedo to 0.94 (Fig. 10b). Due to thscape of H and reactions with surface minerals, respective
loss of atmospheric SO however, the cloud begins to dissi-Atmospheric mixing ratio of S@peaks at 0.002 due to the ef-
pate steadily over the next 500 Myr (Fig. 10c) and the planetagctiveness of S@reactions with the surface (Fig. 11a). The
albedo begins to decrease. Note that atmospher@ &bun- outgassing event has an exponential decay time constant
dance may remain high while $@bundance declines rapidly100 Myr, while the S@-mineral reaction has a time constant
due to surface reactions. Depending on th®loncentrations of 20 Myr at 735 K. Atmospheric D abundance increases
of erupting lavas and the amount erupted, it is possible for theeefold in 100 Myr, and ultimately decays with the lifetime
atmosphere to enter a regime such as that encountered atah@nst H escape, 160 Myr. Again due to the large injectio
beginning of Case 1, namely, high thin,® clouds and sur- of SO, and HO, a massive cloud forms in the first 50 Myr,
face temperatures approaching 900 K. Surface temperaturesidereasing the planetary albedo to 0.85 (Fig. 11b). Due to tt
cline 140 K in the first 100 Myr and then increase steadily fdoss of atmospheric SO however, the cloud begins to dissi-
400 Myr as the clouds thin (Fig. 10d). Temperatures peak @dte steadily over the next 300 Myr (Fig. 11c) and the planetal
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albedo begins to decrease. Six-hundred million years after the SUMMARY AND CONCLUSIONS
onset of plains emplacement, in the absence of sourcesof SO
the clouds disperse. Surface temperatures decline 30 K in fié¢mmary

first 200 Myr and then increase steadily for 200 Myr as the We have developed a model of the evolution of climate o

clouds thin. As the clouds disappear, the surface temperatygg, s that calculates the one-dimensional radiative—convecti
drops due to the loss of their thermal radiative effects, angjjjibrium state of the atmosphere as it changes in time. Atm
the s_urface temperature approaghes 725 K. The total EXAPhericinfrared fluxes are calculated using a two-stream nongt
sion in surface temperature for this case is 90 K over 500 Myfathod that treats thermal absorption, emission, and scatter
(Fig. _11d)' ) L . inthe atmosphere and clouds. Gaseous opacities are calcule
This case illustrates that itis likely that sources of volatllgésing high-temperature spectral databases for nine atmosphs
are active or have been active in the past few 10 Myr. If plaingnstituents and the correlatedabsorption coefficients. The
emplacement is envisioned only as an exponentially decreggsqs are treated by using a chemical/microphysical mod
ing volcanic flux sufficient to cover the planet in a global 'ayeéoupled to radiative—convective equilibrium, and cloud opac

of lava 1 km thick, the rapidly formed clouds disperse aftgfieg are calculated using standard Mie theory for atmosphet
about 500 Myr. Thus the maintenance of the observed CIOUdSa'é‘rosoIs.

Venus'atmosphere requires recent outgassing. We consider three planetary-scale processes that can aff

Conclusions from Cases 2 and 31. Intense volcanic the climate of Venus. They are the loss of®due to exo-
outgassing of volatiles accompanying a global epoch of rapgggheric escape of H, the injection of $@nd HO into the
plains emplacement would have cooled the surface of Veraignosphere from volcanic outgassing, and the reactions gf S
for 200-300 Myr. The formation of massive clouds would hawith surface minerals. The exospheric escape of H is model
raised the albedo of Venus, dominating over an enhancg®la diffusion-limited process, where the loss rate depends ol
greenhouse effect resulting from increased abundance of atmpon the global atmospheric abundance gbHTwo scenarios
spheric HO and SQ. Surface temperatures as low as 650 Kor volcanic outgassing are treated: massive outgassing eve
may have prevailed after 100 Myr if the outgassing event waeclining exponentially in time and sufficient to cover the plane
large enough. in a global layer of lava 10 and 1 km thick. Reactions of,SO

2. If atmospheric S@was able to react with surface mineralgire modeled using laboratory equilibrium and kinetic data ar
following a global outgassing event, the surface temperatugeaction/diffusion formalism to scale these data to Venus.
would have steadily risen for 300-500 Myr. This is due to the The Venus climate model was designed to provide answe
steady loss of S©and HO, resulting in the thinning of the to the questions about the recent climate of Venus posed in t
cloud layer. As S@ declined further while atmospheric,® Introduction. The model couples planetary-scale processes il
remained high, however, surface temperatures would have riself-consistent, time-marching model that calculates the state
rapidly after this. For a large flux of #D into the atmosphere, the atmosphere as it evolves in time. Three evolutionary cas
the formation of high, thin clouds would have raised surfade&ave been presented to show how these processes interac
temperatures to close to 900 K. alter the climate under varying assumptions. The conditions

3. If surface sinks for S@dominate over sources for longthese experiments were chosen toisolate the effects of individt
enough (200-500 Myr), a large ratio 0b8/SQ, develops in evolutionary processes in some cases and to investigate th
the atmosphere and a runaway loss of the massi&{H,O combined effects in others. Feedback among them is comple
cloud ensues. The result is that surface temperatures can risgtadilizing the climate in some regimes, and destabilizing it i
between 840 and 870 K 300-500 Myr after the onset of an epaaihers.
of widespread plains emplacement.

4. Total excursions in surface temperature following plai . Y
emplacement would be between 90 and 200 K, depending onnﬁlhg Effects of S Surface Reactions on Venus’ Climate
magnitude and timing of volcanic events, and upon the magmaAtmospheric SQ reacts rapidly with surface carbonate un-
concentrations of SPand HO. der present Venus conditions. The timescale for the chemic

5. A source of atmospheric SOmost likely ongoing volcan- equilibration of atmospheric SOwith the surface is approx-
ism, must be active or have been active in the past few 10 Mymately 20 Myr at 735 K. The atmosphere currently has 10
A similar conclusion was reached by Fegley and Prinn (1988nes more S@than it would if it were equilibrated, indicating
based on their experiments on the reaction of 8@h calcite a source active within the last 20 Myr. Reactions with the sul
under Venus conditions (Feglet al. 1992, 1997; Fegley and face have probably buffered large amounts of outgasseq SC
Prinn 1989; Fegley and Treiman 1992). Our climate modelimgaying a crucial role in controlling the abundance of atmo
suggests that timescales for the removal of atmospher@80 spheric SQ. The timescale for the removal of atmospheric,SO
about an order of magnitude greater. Without a source, cloudshort compared to the timescale for the loss of atmosphel
dissipate in 500—700 Myr after the onset of an epoch of globdbO due to the exospheric escape of H. f(Hbecomes much
plains emplacement. more abundant than S@ecause of this (with a ratio between
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3 and 20), thick HSO,/H,0 clouds are replaced by high, thinstate with exospheric escape at currently observed atmosphe
H,O clouds. The reduced albedo of these clouds can increabeindances.

surface temperatures to 900 K. Atmospheryg#sQ, ratios in However, a billion-year comet that was 100 km in diamete
this range would have arisen 200-500 Myr following the stacbuld deliver as much as 40 times the current atmospheric abt
of an epoch of rapid plains emplacement if S€durces were dance of HO in an instant. The impact of a large comet during
not very active. Without sources of $Cany clouds on Venus the cooler temperatures within 500 Myr following a global out-
would have dissipated 500-700 Myr after the onset of plaiggssing epoch could have raised the atmosphe@ 80, ratio

formation. significantly. Such an impact today would precipitate a positiv
) . feedback between the clouds and greenhouse effect, resulting

The Effects of a Global Geological Resurfacing surface temperatures rapidly rising to 900 K. This phenomenc
on Venus’ Climate was observed in Case 3 at 500 Myr and its reverse was obsen

A massive outgassing event such as that associated with@dhe beginning of Case 1. It is not ad hoc to suggest that
epoch of rapid global plains emplacement would have first &llion year comet could have struck Venus sometime in the pa
oled Venus’ surface due to the buildup of thick clouds and an iRLllion years. Therefore some of the geological evidence for cli
creased albedo. This can most clearly be seen in the first 300 Njte change, discussed in the Introduction, could possibly |
of Case 2 (Fig. 10d). This era of surface cooling would have prdu€ to such an event.
vailed for 200-500 Myr and would have cooled the surface by
30-140K. The magnitude and duration of such a cooling episode ] ] ]
are dependent upon the volume of outgassed volatiles, the ratiPothesis: The Recent Evolution of Climate on Venus

of H,0/SQ; in erupting magmas, and the initial atmospheric The conclusions that we have drawn so far from the model r
abundances of O and SQ. If subsequent sources of 3@re  gyjts apply to the range of assumptions we have used regard
weak, the ratio of atmospheric,B to SQG rises over time due the magnitude and timing of planetary processes. In additio
to reactions of S@with surface minerals. Loss of atmospherigne initial conditions slightly affect the outcome of all the model
H.0 due to exospheric escape of H is slower thap &actions ns, It is compelling, however, to attempt to reconstruct the re
with the surface, and a critical abundance ratiog@Q®Q,) of  cent evolution of Venus based on an understanding of the cor
between 3 and 20 is reached in 300-500 Myr. At this point, thgex climate interactions that we have explored. The exercise
thick H,SQy/H,0 clouds give way to high, thin # clouds, = speculative, but important for informing future, more sophisti
and the surface becomes very hot. How hot and for how loggted studies of the climate of Venus. We suggest the followin
depend on exactly how muchyB there was in the atmospherescenario for the recent evolution and present stability of climat
to begin with and how wet erupting magmas were. Surface tegh venus:
peratures would have remained in the range of 800-870 K fonenus experienced a global epoch of rapid plains emplac
200-300 Myr. Without significant sources of §@he clouds ment 600-1100 Myr ago. During this time, which lasted 10-
would totally dissipate in 500-600 Myr. The current low abunygg Myr, large quantities of SGand HO were injected into the
dance of HO in Venus’ atmosphere is more consistent with gimosphere. This caused the surface to cool for 100-300 M
smaller outgassing event, such as that associated with an iRfga to a massive buildup of clouds. As atmospherig SQui-
grated volume equal to a 1-km global layer of lava. Sources g;ated with surface minerals, the ratio 0b® to SGQ in the
SO inthe recent past (10-50 Myr) must be presently supporti%@nosphere rose. Thick80s/H,0 clouds gave way to thin,
the clouds. high H,O clouds 200-500 Myr following the onset of global
resurfacing. The reduced albedo of Venus combined with &
enhanced greenhouse effect drove surface temperatures to 8
Itis conceivable that comets could have caused major clim&e0 K, where they stayed for 100-500 Myr. These condition
perturbations in the past or played a decisive role in the evolesuld also have been induced by®ibrought in with a 100-km
tion of Venus’ climate to its current state. Venus’ atmosphemmmet, an event expected for Venus in one billion years.
currently contains & 10 g of H,O, about as much as in a Evolution to current conditions on Venus occurred as atmc
25-km diameter comet. It has been suggested that the currgpiteric HO was lost due to the exospheric escape of H. As th
H,O abundance in Venus’ atmosphere is the result of a steadynospheric S&H,0 ratio rose due to smaller ongoing vol-
state between delivery by comets, volcanic outgassing, and eganic sources of SO the thicker HSO,/H,O clouds we see
spheric hydrogen escape (Grinspoon 1987, Grinspoon and Leteday developed. Current conditions are maintained by the co
1988). Using fluxes and mass exponents for long-period comgtsied low-level outgassing of SGand HO from volcanoes
(Shoemakeet al. 1990) and short-period comets (Shoemakeaictive in the past 20 My. This conclusion is roughly consis
et al. 1991), the total integrated mass of comets delivered tent with that of (Fegley and Prinn 1989), who from geochem
Venus in one billion years is about210° g. If these comets ical arguments alone concluded that the venusian clouds wot
are on average one-half,B ice, comets could be delivering adissipate in 1.9 Myr without volcanism to replenish atmos:
substantial amount of the @ required for it to be in steady pheric SQ.

Comets
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Climate Change on Venus—Future Missions and Data to explain layering observed in the wall of Valles Marineris or

The study of climate change on Venus provides us with tf’]VIarS’ for example, Tfe'maet al (19.95)' Visual observations
the surface are possible from either balloon-borne or ae

) . L2 0
means to investigate a fascinating interplay between global-sccaj)etcameras (Campbet al. 1999), or from aircraft that could
processes and planetary climate. The true story of Venus’ p{a\ P : '

can only be told when sufficient data have been collected fro&ﬁ(e advantage of Venus’ atmospheric superrotation to map t

the planet. There are a number of mission possibilities that %gnet. These missions would obviously be more expensive a

both practical and capable of illuminating the issue of Venus’emand the developmen.t of'n.ew gnd risky tech'nolog|es, but .ﬂ
climate evolution. costs may be more than justified in understanding the evolutic

The signature of atmospheric and surface evolution is to sor(r)]fethe only other Earth-sized planet within at least 4 light year
degree written in its rare gas and isotopic abundances. Signif-
icant gaps in these data exist, leaving us unable to distinguish
the relative importance of volatile OUtgaSSingv atmOSpheriC €r07his work is dedicated to the memory of the late Jim Pollack, who inspire
sion due to impacts, escape history, and the role of solar wiggh encouraged the early phases of it. M.A.B. was supported for this research
implantation and grain accretion in the formation of the inithe NASA Graduate Student Research Program (NGT-51294); D.H.G. acknov
tial atmosphere. In particular, Xe isotope abundances are alnRs$es the support of NASAs Planetary Atmospheres Program (NAGW-498:
completely unconstrained. For example, if terrestrial pIanetat\gﬁezlzzéh;r;tR;L‘;Tr';?/ireevrz'oBfrt‘;]‘;eo';e?rll?l"n?:gu':f:iafha Johnson for their
atmospheres are the result of early hydrodynamic escape of iso- 9 9 Pt
topically solar primary atmospheres, Venus’ Xe isotope compo-
sition should be significantly different from Earth’s (Owetral.

1992, Pepin 1991). However, if terrestrial planetary atmosphei@samouwitz, M., and I. A. Stegun 196Bandbook of Mathematical Functions
were formed mainly from planetesimals where Xe had alreadybover, New York.

been fractionated to Earth-like composition, Venus’ nonradi@sfken, G. 1985 Mathematical Methods for Physicistécademic Press, San
genic Xe isotope spectrum should be similar to Earth’s (ZahnlePiego.
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