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Introduction:  The term ‘runaway greenhouse’ has 

come to portray an apocalyptic shift in climate that 

would render the Earth uninhabitable.  In fact, the term 

was coined by Ingersoll in 1969 to describe the early 

evolution of Venus [1].  Today the term evokes a 

doomsday scenario wrought by society through uncon-

trolled burning of fossil fuels leading to a climate tip-

ping point.  The reason this is not pure speculation is 

that we know it has already happened, on Venus.  A 

natural result of the Sun’s increasing luminosity [2], 

Venus most likely reached a tipping point, where the 

oceans evaporated and the water ultimately was lost to 

space.  This may be a common fate for terrestrial plan-

ets close to their stars, so it is important to study Venus 

for clues about how long its ocean lasted.  

Venus’ Runaway Greenhouse: The Earth has en-

joyed a liquid water surface for most of its 4.5 Gy ex-

istence thanks to the greenhouse effect.  Venus is very 

dry today, but there are few constraints on when the 

atmosphere dried out.  Kasting [3] calculated that a 

runaway greenhouse would saturate the atmosphere 

with water vapor, making it abundant in the upper at-

mosphere and subject to photodissociation and loss of 

hydrogen.  Given the predicted increase in solar lumi-

nosity with time, Kasting’s models showed that an 

ocean could exist on Venus for, at a minimum, 600 

My.  However, uncertainties in planetary albedo could 

extend the stability of an ocean to the age of the solar 

system. The uncertainty in predicting albedo was pri-

marily due to ignoring the radiative effects of clouds.  

However, the first-order effect of clouds is to raise the 

albedo, which the models predicted would delay the 

onset of the runaway greenhouse and loss of Venus’ 

ocean. 

Exoplanet Oceans: The exoplanets that are per-

haps the most interesting are the ones that inhabit the 

same solar irradiance regime as the Earth and Venus.  

Since Earth has an ocean and Venus does not, an obvi-

ous question is:  What is the longevity of oceans on 

worlds around other stars?  Assuming that these plan-

ets are endowed with CO2 and H2O, it will depend on 

the amounts in their atmospheres, distance from the 

star, planetary mass, and stellar type. In order to better 

understand these dependencies, we created a semi-

analytic climate model that predicts the atmospheric 

and surface temperatures due to a CO2/H2O green-

house and the formation of clouds in the atmosphere. It 

simulates the onset of a runaway water vapor green-

house as stellar luminosity increases with time. 

Climate Model:  We use a two-stream radiative 

transfer model with opacities due to two gray compo-

nents, and a scattering layer due to clouds.  The aver-

age planetary albedo A in terms of the surface albedo 

As, cloud albedo Acl, and cloudiness fraction X is taken 

to be 
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Therefore the effective emitting temperature, Te of a 

planet at a distance R (in AU) from its star is 
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where Fs is the solar flux at 1 AU. The thermal infrared 

opacity (z) is assumed to be due CO2 and H2O, with 

grey coefficients CO2 and H2O, respectively. In terms 

of the atmospheric scale height, H, and the surface 

temperature Ts, the optical depth as a function of alti-

tude z is 
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So the radiative equilibrium temperature profile, Trad, 

in absence of convection, is 
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Where dry convection is more efficient than radiation 

at transporting heat in the atmosphere, we adopt the 

dry adiabatic lapse rate d 

    
 

  
 

where g is gravity and cp is the specific heat of the at-

mosphere.  Where the radiative lapse rate exceeds the 

dry adiabatic lapse rate, it is replaced by the adiabat.  

Mathematically, the tropopause is found by determin-

ing where the convective and radiative temperatures 

and temperature gradients match, ensuring that fluxes 

are continuous across the tropopause.  

Clouds:  We model clouds by assuming that they 

will form where the partial pressure of water vapor 

exceeds the saturation vapor pressure.  The water va-
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por abundance in the atmosphere assumes the simple 

form 
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In mbar, the saturation vapor pressure for water is de-

rived from the Clausius-Clapeyron equation 

       ( 
  
  )  

 
  
    

where al, bl, cl are 3.13 x 10
13

, 2.3 x 10
7
, and  2.64 x 

10
-4

 respectively, and Rv is the water gas constant.

Since latent heat released by condensation in this 

region reduces the temperature lapse rate, we adopt the 

wet adiabatic lapse rate 

    
  

   
   

   
  
      
   

   

 

where Hv is the latent heat, r is the mass ratio of water 

vapor, Ra is the gas constant for the atmosphere, Wa is 

the molecular weight of the atmosphere without water, 

and WH2O is the molecular weight of water. 

The thickness of the cloud layer is the entire region 

over which the saturation vapor pressure is exceeded, 

or the bottom-most atmospheric scale height of the 

saturated zone, whichever is less. We solve the two-

stream equation with scattering to determine the ab-

sorption of sunlight f(z) within the cloud, and the cloud 

albedo Acl.  If the total cloud optical depth is cl, then 

the cloud albedo in the optically thick limit is approx-

imately 

    
   

     
 

The radiative equilibrium temperature profile is 

once again calculated in order to determine the height 

of the tropopause, but this time with the radiative ef-

fects of the cloud and the calculated albedo included 
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Where the radiative lapse rate exceeds the dry adia-

batic lapse rate in unsaturated levels, it is replaced by 

the dry adiabat.  The radiative profile is replaced by the 

wet adiabat when the radiative lapse rate exceeds the 

wet adiabatic lapse rate in saturated levels. 

The amount of  water vapor in the atmosphere is 

determined entirely by the surface temperature Ts 

through its exponential dependence in the Clausius-

Clapeyron equation.  The new surface temperature is 

used to calculate new opacities, tropopause altitude, 

clouds, and temperature profile.  The calculations are 

iterated until they converge on a solution, defined as a 

temperature profile that changes by no more than 1 K 

between iterations.  5 iterations are usually sufficient. 

The model was used to calculate average Earth at-

mospheric and surface temperatures, assuming an av-

erage cloudiness of 0.5 (green line, Fig. 1).  The sur-

face temperature of 288 K is in good agreement with 

Earth’s globally average temperature, and the regions 

where clouds can form (horizontal dashed lines), be-

tween 1 and 10 km, is approximately correct. Tests of 

the greenhouse model are shown for 10 and 300 times 

the current atmospheric water abundance by the blue 

and orange lines, respectively. 

 
Figure 1.  Model temperature profiles for an Earth-like 

planet with 50% cloudiness, 350 ppm CO2 and varying 

atmospheric H2O at 1 AU from the Sun. 

Longevity of Oceans:  Although the climate model 

is a 1D gray two-stream calculation, its simplicity 

makes it useful for understanding how variables such 

as the distance to the star, the increase in stellar lumi-

nosity with time, and planetary mass affect the onset of 

a water vapor runaway greenhouse.  By adding the 

radiative effects of clouds in the simplest possible way, 

it is also possible investigate the effect they might have 

on the longevity of oceans on terrestrial exoplanets. 

We will apply the climate model to the evolution of 

terrestrial planets with H2O/CO2 greenhouses at a 

range of distances from their star.  This will allow us to 

schematically plot the longevity of oceans as a func-

tion of semi-major axis.  We will also report on the 

role that clouds and planetary mass may play in ex-

tending the age of oceans on terrestrial planets around 

other stars. 

References: [1] Ingersoll A. P. (1969) J. Atmos. Sci. 

26, 1191–1198. [2] Sackmann I. J. et al. (1993) Astrophs. J. 

Lett. 418, 457-468. [3] Kasting J. F. (1988) Icarus 74, 472-

494. [4] Author I. J. (2002) LPS XXXIII, Abstract #1402. 

8092.pdfComparative Climatology of Terrestrial Planets (2012)


