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Due to  the impact degassing during accretion a hot H20-rich protc- 
atmosphere was possibly formed on the growing ~ a r t h ( l 1 ~ ) .  A t  the final stage of 
accretion steam in the proto-atmosphere is thought t o  have condensed into a hot 
proto-ocean(3). At  this stage the total mass of H20 ,  MHzO, in the proto- 
atmosphere is shown t o  be about 1021kg(2) but  the mass of the ot,her gases ( C 0 2  
etc.) is not well constrained. In this paper, we investigated the necessary condi- 
tions for formation of water ocean on an earth-sized planet and try t o  place some 
constraints on the mass of C 0 2 ,  MCO2, in the proto-atmosphere. 

We use one-dimensional radiative-convective model of an H20-C02 atmo- 
sphere. The radiatively-convectively equilibrated atmospheric structure is ap- 
proximated by an isothermal stratosphere and a troposphere with an adiabatic 
lapse rate (*I. Although the stratospheric temperature is assumed to  be isother- 
mal, the radiative flux remains within f 1% of tha t  in radiative equilibrium. 
Since we consider an earth-sized planet covered by a water ocean, the atmospher- 
ic mixing ratio of water vapor is constrained by the assumption tha t  the atmo- 
sphere is saturated with water vapor at the surface. Then, for an H20-CO, at- 
mosphere equilibrated with a water ocean, we determine the relationship among 
Afco2, AfHzo, the out-going planetary radiation, Fpl, and the surface tempera- 
t,ure, T,  . After the end of accretion, Fpl corresponds t o  the "net solar flux" and 
Fpl is given by Fpl = (1-A )Fsl ,  where A and FS1 are the planetary albedo and 
average solar flux a t  the top of the atmosphere, respectively. MHZO calculated by 
this way corresponds t o  the minimum amount of H20, MGp , required for ocean 
formation for given Mco2 and Fpl. We take into account the following effects(3); 
1. non-ideal behaviors of gases, and 2. wavelength-, pressure-, temperature- and 
path-length-dependences of the absorption coefficient. The effect of clouds on a 
radiative transfer is neglected. 

Figure 1 shows the relationship among Mco2, Fpl and T, . For liquid wa- 
ter t o  be stable a t  the surface, T, should be between the critical point of H 2 0  
(64710 and t'he triple point of H 2 0  (27310. The former condition gives the upper 
limit of Mco2 (< 5x102'kg) and the latter condition gives the lower limit of 
both Mco2 and Fpl (Figure I). The condition for the "runaway greenhouse"(4$5) 
gives the upper limit, Fpl - 300w/m2. When Fpl < 60w/rn2 and Mco2 
> 2X10'~kg, liquid C 0 2  condenses and rains on the surface of a planet, which 
results in drastic change in T, at Fpl - 60w/rn2. Figure 2 shows MAgo as a 
function of Fpl and Mco,. If the water budget of the planet, h9H,o, was less than 
M i z O  , no ocean could be formed. Though larger amounts of H 2 0  is required for 
water ocean formation a t  larger MCO, and Fpl values, MAzo is always smaller 
tha.n --10"'kg. 

In summary, a water ocean is formed when A!co, < 5 x l 0 ~ ' k g ,  F,, 
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< 300w/m2, and M H p  > MGQ0. If FpI < 60w/m2 and Mco2 > 2x1020kg 
(-40 bar), a liquid C 0 2  ocean will be formed. For the case of the proto-Earth, 
FS1 and MHQO is thought to be -240w/m2 and -1021kg, respectively. At this 
condition Rayleigh scattering makes A > 0.4. Then proto-ocean formation on 
the Earth yields a constraint on Mco2 of -2X102'kg > Mco2 > -1017kg. 
This suggests that  Mco2 should be between 10 times of the present crustal budg- 
et and 100 times of the present atmospheric budget. F,/ on the present Earth is 
340w/m2, which is larger than the critical Fpl value for water ocean formation, 
suggests that the present Earth's ocean is stabilized by albedo feedback ( A  - 
0.3, at  present) and/or general circulation of the atmosphere(6). For the case of 
Venus, the solar flux is about twice of the terrestrial value and a proto-ocean 
might not be formed if the planetary albedo is less than about 0.35. However, 
this condition is satisfied only if MHzo is less than about 4x1020kg. Therefore, if 
the water budget of a proto-Venus was similar to that of the present Earth, a 
proto-ocean should have existed on Venus. We may use this figure for Mars by 
converting the unit from mass to pressure by assumimg the area and gravity of 
the present planet. Since FSI on Mars is about half of the terrestrial value, a 
C 0 2  ocean might form if Mco2 is larger than - 1 0 ~ ~ k ~ .  
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Figure 1. Figure 2. 
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