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Radiative equilibrium and radiative (:onvective temperature profiles fiw the Earth's evolving 
atmosphere have been cah.ulated. If the atmosphere evolved from one rich in carbon dioxide, 
and deficient in oxygen, to its present composilion, the temperature structure showed consider- 
able change. The models of 3 to 4 billi(m years ago display steadily decreasing temperatures with 
altitude, being 185°K at pressures associated wilh the present-day upper stratosphere. A lapse 
rate feature similar to lhe presenl-day tropopause is n(,l indicated until about I billion years 
ago; but the slralospheric region is approximately 15°K colder lhan presently found at eompa- 
ra/)le pressures. Surface temperal ures approximately l ()°K warmer than at present existed unlil 
nearly l billion years ago. When the oxygen content exceeded roughly 0.1 times the present 
level, sm'face temperatures began to de(q'ease. If bi(~logical processes are important to carbon 
dioxide--ozone w~riations, such "~s h~s been suggested during the Ice Ages, then estimales of 
surface temperature should inelu(te t he effe(q s of t)~)l h gases. 

I NT RO1)UCTI()N 

No  previous  a t t e m p t  has t)een made  to 
inves t iga te  the  t em pe ra t u r e  s t ruc ture  of 
the  evolv ing  a tmosphere  for a tmospher ic  
models  appropr i a t e  to  par t i cu la r  geologic 
periods. Such a de te rmina t ion  is i m p o r t a n t  
since the  rt~te cons tan t s  of react ions  for 
m a n y  minor  cons t i tuen ts  are t e m pe ra t u r e  
dependent .  Nearsur face  t empera tu re s  are 
• dso i m p o r t a n t  to clim'~tic var ia t ions  :m(1 
the  evolut ion of life forms. 

l ' r ev ious  studies related to the  temper~-  
tures  of the  pa leoa tmosphere  es t imated  
exospheric t empera tu re s  or deduced  var ia-  
t ions in p l ane t a ry  albedo, cons t i tuen t  
concent ra t ions ,  etc., base(1 on var ia t ions  
f rom an assumed mean  global tempen~ture  
(Holhmd,  1962, 19(i:~; Jas t row,  1964; 
Rasool,  1966, 1967; Mc( lovern ,  1969; 
Sagan  and Mullen, 1972). Es t ima tes  of 

~Present attiliation: l)etachmenl 1, 2 Weather 
Squadron, Wright-P.~tterson AFB, Ohio 45433. 

the changes  expected to tile p resen t -day  
the rmal  s t ructure ,  as migh t  be b rough t  
about  t h r o u g h  changes  in the  vert ical  
d is t r ibut ion  of individual  const i tuents ,  were 
made  b y  Berkner  and Marshal l  0964 ,  
1965, 1967), Abelson (1966), and WMker  
(1974). FinMly, in some studies (Holland,  
1962 ; Jas t row,  1964; Berkner  and Marshall ,  
1966, 1967; Ru t t en ,  1971; I (a tne r  and 
Walker,  1972) one finds a t r end  t oward  
• tcceptanc, e of the p resen t -day  t empe ra tu r e  
s t ructure ,  and its :~ssociated t h e r m o d y -  
namic  processes, t h r o u g h o u t  m u c h  of 
geoh)gic time. 

This s t u d y  presents  calculated r ad i a t i ve -  

convect ive,  mean  global, vert ical  t empera -  

ture  profiles of the  E a r t h ' s  evolving a tmo-  

sphere extending ba(',k to about  4.5 billion 

years.  We assume the a tmosphere  evoIve(t 
f rom one rich in cart)on dioxide and 

deficient in oxygen,  and thus  ozone. The  

resul tant  t empera tu re  profiles are obviously  
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dependent upon the assumed concentra- 
tions and distributions of the radiatively 
active gases. However, the thermal profiles 
for other postulated carbon dioxide and 
ozone distributions can be at least qualita- 
tively inferred from the results presented. 

ATMOSPHERIC MODELS 

Atmospheric oxygen concentrations form 
the basis for correlation between the model 
atmospheres and geologic eras. The correla- 
tions are primarily derived from the 
evolutionary descriptions as found in the 
several articles of Berkner and Marshall 
(1964-1967) but with a more liberal inter- 
pretation of the times involved. We have 
further based the evolutionary atmospheric 
models on the carbon dioxide/oxygen com- 
binations suggested by Rutten (1966, 
1971). I t  must be emphasized that  this 
study does not attempt to delve into the 
chemical reactions or geologic processes 
producing or destroying any particular 
constituent ; we only determine the thermal 
environment that would have existed for 
that  postulated atmospheric composition. 

Seven models describe the evolving 
atmosphere (refer to Table I). Model 1 
represents the present-day atmosphere. 
Concentrations for the constituents of this 

model were obtained from the COESA 
preliminary report (Ellis et al., 1973). 
The water vapor profile is one of fixed 
specific humidity. 

The Ice Age model, Model 2, was in- 
cluded to provide some insight as to the 
possibility that glacial periods may have 
been initiated by oscillations in the carbon 
dioxide and oxygen concentrations. Such a 
dependence has been presented in the 
literature by Berkner and Marshall (1964, 
1965) and Cloud (1968). We have used a 
carbon dioxide concentration of 0.65 PAL 
(present atmospheric level) from their 
study and Levine's (1975) ozone profile 
corresponding to their oxygen abundance 
of 2 PAL. 

The Cambrian, Algonkian, Cryptozoic, 
and Archean models, Models 3 though 6, 
respectively, are sequential in that they 
reflect the proposed evolution of oxygen 
as based upon the works of Berkner and 
Marshall (1964, 1965, 1967), and carbon 
dioxide as proposed by Rutten (1966, 1971). 

The ozone profiles (Fig. 1) are from 
Levine (1975), who calculated ozone con- 
centrations from the assumed oxygen evolu- 
tionary model. We have introduced varia- 
tions in the water vapor distribution 
from that of the present-day mean annual 

T A B L E  I 

ATMOSPHERIC ~IODELS a 

C o m p o u n d  Model  (years  ago) 

1 2 3 4 5 6 7 
P resen t -  Ice  Age  C a m b r i a n  Algonkian  Cryptozoic  Archean  Pre -Arehean  

d a y  300-800 M Y  800 M Y - 2 . 5  B Y  2 . 5 - 3 . 5  B Y  3 . 5 - 4 . 0  B Y  4 . 0 - 4 . 5  B Y  

CO2 P A L  0 . 6 5  P A L  3 . 5  P A L  5 P A L  8 P A L  10 P A L  0.01 P A L  

O~ P A L  2 P A L  0 .1  P A L  0 .01  P A L  0.001 P A L  0.0001 P A L  0.000001 P A L  

H~O C u r v e  1, Fig.  2 Curve  4 Curve  5 Curve  6 Curve  7 
Fig.  2 Fig.  2 Fig.  2 Fig.  2 

P A L  P A L  P A L  

CH4 P A L  PAI ,  P A L  P A L  P A L  

N H a  N o t  included in calculation 

P A L  20% b y  
to ta l  n u m b e r  
dens i ty  

9 p p m  

a The  present  a tmospher ic  levels (PAL)  for CO2, 02, and  CH4 (assumed uni formly  mixed) arc 320 ppm,  21°7o by volume,  and 
1.5  ppm,  respect ively.  The  HzO dis t r ibut ion  is shown in Fig.  2. 
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OZONE MIXING RATIO (g/g) 
Fro. 1. Ozoile mixing ratios (g/g) used in the evolving atmospheric models. Values illustrated 

are based on the work of Levine (1975). The column abundance for each model is : Model l, 0.347 
atm-cm; Model 2, 0.562 atm-cm; Model 3, 0.250 atm-cm; Model 4, 0.069 atm-cm; Model 5, 0.012 
atm-cm; Model 6, 0.0008 atm-cm. See Table I for relation of model number to approximaie 
geologic time. 

m o d e l  beg inn ing  wi th  M o d e l  4 of t he  
A l g o n k i a n  pe r iod  as shown on Fig.  2. 
N o  t r o p o p a u s e ,  a n d  t hus  cold t r ap ,  was 
a p p a r e n t  in these  c a l c u l a t e d  t e m p e r a t u r e  
profi les  and  w a t e r  v a p o r  would  mos t  l i ke ly  
h a v e  been  t r a n s p o r t e d  to h ighe r  e leva t ions .  

E a c h  w a t e r  v a p o r  profi le  r e p r e se n t s  nea r  
s a t u r a t i o n  a t  t he  s t r a t o s p h e r i c  e leva t ions .  

T h e  ea r l i es t  model ,  M o d e l  7, which  m a y  
be r e p r e s e n t a t i v e  of 4 to  4.5 b i l l ion  
y e a r s  ago, r ep re sen t s  a r educ ing  a t m o s p h e r e  
a n d  is t he  m o s t  u n c e r t a i n  of t he  mode l s  

8 0  - \ I,~,3,7 

7 0 -  \ 

E v. 6 0 -  \ o  

~ -  I I'\ "~,. 1"" • 
~ _ 4 o -  ~'.. - 
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WATER VAPOR MIXING RATIO (g/g) 
l"m. 2. Water wH)or mixing r'O,ios (g/g) used in the models of tile evolving atm.sphere. See 

'Fable I for relation of model nulul)er to approximate geoh)gic time. 
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develope<l. It has gener'flly been held that  
the earth had a reducing atmosphere in 
its early history, and geologic evidence 
points to its existence as recently as 2 
billion years ago (Rankama, 1955; Rutten, 
1966, 1971; Cloud, 1968). Additional evi= 
dence is found in the analysis of volcanic 
gases (Holland, 1962, 1963). Indirect 
support may also be found from the 
laboratory experiments that  attempt to 
create basic proteins and amino acids 
(Fox and McCauley, 1968; Lasaga et al., 
1971). 

The degree to which the a~mosphere 
was reducing is currently undecided, and 
its composition is also a subject open to 
debate with the arguments centering on 
a methane versus carbon dioxide dominated 
atmosphere. For this very early atmo- 
sphere, we assumed a methane concentra- 
tion of 20% by volume and ammonia of 
9 ppm. 

METHODOLOGY 

Radiative equilibrium temperature pro- 
files were calculated by a forward difference 
iterative method. Heating rates (~T/~t) 
were determined from the equation 

5T/St = (g/Cp)~F/6p, 

where g is the acceleration due to gravity, 
Cp is the specific heat at constant pressure 
and ~F/~p is the flux divergence (F is 
the net flux and p is pressure). 

Heating rates were determined at 57 
levels in each model atmosphere. A pressure 
incrementing model between 0.1 mb and 
the surface was devised to give high 
spatial resolution in the lower regions of 
the atmosphere. All models except the 
Pre-Archean (Model 7) were run with a 
time increment of 24 hr. The Pre-Archean 
model used a 12-hr time increment, such 
change being required to maintain stability. 

The net flux for infrared or terrestrial 

radiation is given by 

F(Uo) = ~ ~ ' I r , ' ( U o ) i  B,,'(O)do~ 
i 

where rf ~ is the mean flux transmissivity 
over spectral interval of width 6~, and 
B,~(0) and B , j ( U )  are the Planek functions 
for the surface and the level corresponding 
to mass path U, respectively. 

Solar heating rates for ozone were 
obtained from the divergence of the energy 
deposition rate Q, as given by Lindzen 
and Will (1973), 

~T/St = (gU/Cp)~O/6p, 

where U is the absorber mass path and 
~Q/~p is the energy deposition divergence. 
For the other constituents, the solar 
heating is given as a function of the 
integrated absorption A, 

~T/~t = (gS/C,)~A/~p, 

where S is the incident solar flux. Absorp- 
tion data used in this study are summarized 
in Table II. 

For all the models considered, the radia- 
tive equilibrium lapse rate in the lower 
troposphere became superadiabatic. Thus 
we have included a "convective adjust- 
ment" as explained in Manahe and Strickler 
(1964). The convective lapse rate provides 
an estimate of the extent of latent heat 
exchange and convective processes (cloud 
formation) within the dynamic atmosphere 
which the dry adiabatic lapse rate does not. 

We assume that convection and latent 
heat exchange were comparable in previous 
atmospheres to that of the present-day so 
that  the ratio of the dry adiabatic to the 
critical convective lapse rate should be the 
same for all models. Each atmospheric 
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Consti(uent 
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Band lleference 

TerrestriM 
Ozone 

Carbon dioxide 

Water vap()r 
l (ota( ion ban(l 
6.3 .mn Ba)M 

Anllll()llitl ,  

Met bane 

9.6 ~m Walshaw (1957) 

15 um lh)dgers and WMshaw (1966) 

0 -1000 ('m 
1200 -2200 em -1 

6. I ttm 
I O. 5 ~m 

3.3  ~.m 
7. (i /am 

Poilu' 
( )zone 

tlarlley band 2500 ~ 
ttuggins band 3200 .;, 
Chappuis b~md 6000 ,X 

Ca,'bon dioxide 

IcVa( e r v,+tpo r 

l .4, 1.6, 2 .0 ,  2.7,  4 .3 ,  
4 .8 ,  and 5 .8  unt 

I{o(tgers and W'dshaw (1966) 

St:~(istical model semiempirically curve ill, 
to data of Frmwe and Williams (1966) 

(?ess and Khetan (1973) except Pre-Al'ctman, 
Bur(.h el al. (1962) for Pre-Ar(.hean model 

0.g, 0.9,  1.1, 1.38, 1.9, 
2.7, 3.3, and 6.3 >m 

,) ,] Methane o.. ~m 
7.6  ,am 

Lindzen "uld Will (1973) 

tfoward et al . ,  (1973) 

l{odgers (1967) 

Same as for terrestrial wavelenglhs 

model  has a different specific heat and 
thus a unique dry adiabatic lapse rate. 
The critical convect ive  lapse rate Fv~ is 
then determined from Pp~ = PeD'I'I~/FD, 
where P,~ and FD are the present-day 
values for the convect ive  and dry adiabatic 
lapse rates and reD is the dry adiabatic 
lapse rqte for the particular model.  Values 
for I'ea and FeD are given in Table II l .  

The surface temperature was determined 
by adjusting the radiative convect ive  
temperature profile until  the out-going 
flux to space and absorbed solar energy 
agreed within 0.5%. A planetary albedo 
of 30% was used which includes not  only 
the albedo of the surface but clouds as well. 
Thus  implicit in this assumption is that  
global cloud cover in the past was not  

much different from what we observe 
today. A more detailed model  is not  
justified since no information is available 
on possible water vapor variations over 
geologic time. 

We have also not considered a variable 
solar constant.  Margulis and Lovelock 
(1974) indicate that a change in the solar 
constant  of -4-10% would have  caused 
catastrophic events  which have  no basis 
in geologic records. On the other hand 
there are invest igators who believe the 
solar output  m a y  have  increased nearly 
40 c/~. 

RESULTS 

A comparison of the thermal  structure 
for the present-day model  and the U. S. 
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T A B L E  I I I  

VALUES OF Cp AND LAPSE RATES FOR EACH ~/[ODEL a 

Atmospheric model (~p Dry adiabatic Radiat ive 
(erg gm -~ °K- ' )  lapse rate convective 

(°K km-Q lapse rate 
(°K km-1) 

l. Present  era 1.00 X 107 9.77 
2. Ice Age 1.25 X 107 7.82 
3. Cambrian 0.97 X 107 10.14 
4. Algoukian 1.02 X 107 9.58 
5. Cryptozoic 1.44 X l() 7 8.57 
6. Archean 1.22 X 107 8 .00  
7. Pre-Archean 1.07 X 107 9.14 

6.5 
5.2 
6.78 
6.37 
5.7 
5.32 
(;.03 

See Table I for composition corresponding to model number.  

Standard Atmosphere is shown in Fig. 3. 
The agreement is quite good, particularly 
in the stratospheric regions. Our tempera- 
tures in the stratosphere especially nea r  
the tropopause are somewhat larger than 
those of Manabe and Strickler (1964) but 
this is due to differences in water vapor 
~nd ozone concentration (see, e.g., Manabe 
and Wetherald, 1967) and in the treatment 
of the boundary flux. 

We have also compared changes in 
surface temperature, for various amounts 
of absorbing gases, with those from previous 
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FIG. 3. Temperatures for the present-day model 
compared with the U. S. Standard Atmosphere, 
Mid-Latitude Spring/Fall profile. Also shown is 
radiative convective profile from Manabe and 
Strickler (1964) with average cloudiness. 

studies. We find that doubling the carbon 
dioxide amount would increase the surface 
temperature by 2.9°K, while a reduction 
to one-half decreases the temperature by 
2.3°K. Manabe and Wetherald (1967) 
calculated these changes to be 2.4 and 
2.30K, respectively. Reck (1976) inves- 
tigated the change in the thermal structure 
due to ozone variations and found for a 
50% ozone reduction, the temperatures at 
10 and 100 mbar decreased by about 8.7 
and 7.5°K, respectively. We calculated 
temperature reductions of 6 and 7°K, 
respectively. Thus, our model gives results 
comparable to those of previous studies. 

The radiative convective temperature 
profiles for each model atmosphere are 
shown on Fig. 4. Model 3, the Cambrian 
model (0.1 PAL O= and 3.5 PAL CO2) 
indicates a troposphere slightly warmer 
than we find today; this is due to the 
larger amount of CO2 and thus an increased 
"greenhouse effect." A weak tropopause 
is apparent and the stratosphere is about 
10 to 15°K colder than at similar elevations 
in the present atmosphere. Because of the 
smaller amount of ozone (see Fig. 1), 
the ultraviolet radiation penetrates to 
lower levels in the atmosphere creating a 
smaller heating in the stratosphere (and 
thus lower temperature) and a somewhat 
higher temperature further down near the 
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Ix(q)()pause. hi addition, the larger :mmunl. 
of carbon dioxide contributes to the lower- 
ing of tempera ture  in the stratosphere, in 
this case 5 to 10°K (see, e.g., Manabe 
and Wetherald,  1967). Since carbon dioxide 
causes an increase in tropospheric tempera-  
ture, a lowering of tempera ture  in the 
stratosphere is necessary in order tha t  the 
Ear th  atmosphere system remain in radi'L- 
tion bahmce, i.e., the outgoing planetary  
radiation bal.mce the absorbe<t solar 
r'Miation. 

With l'~rger amounts  of c'u'bon dioxide 
and lesser "unounts of oxygen, "rod thus 
ozone, the tempera ture  in the lower 
,~tmosphere ( < 1 2  km) woul<t increase 
wifile at higher elev'~tions the opposite 
effect is observe(1. Jr, e.g., the carbon 
dioxide amount  were 5 PAL "rod oxygen, 
0.01 PAL, which is Model 4 and may  he 
representat ive of about  1 billion years ago, 
the troposphere would have been 10°I+; 
warmer than today  and there wouhl have 
been essentially no tropopause. The mid- 
and upper stratosphere is nearly isothermal 
with tempera ture  near 210°K. Absorption 
<)f the ultraviolet  radiation is now <)ccurring 
low in the atmosphere and ah>ng with 
carbon dioxide contributes to the increased 
tropospheric temperature.  The stratospheric 
tempera ture  is determined primarily by 
carbon dioxide. 

Models 5 aim 6 which represent early 
periods in the Ear th ' s  history cont'fin so 
little ozone tha t  its influence on the 
thermal  s t ructure is negligible. Carbon 
dioxide primarily determines the tempera-  
ture s t ructure  in the stratosphere with a 
small contr ibution (about 5°K) from water 
vapor. Both models exhibit very  cold 
stratospheres, the Archean reaching a 
tempera ture  of 185°K. In the troposphere, 
the tempera ture  is determined by water 
vapor  (which was not varied in the models 
below about  10 km) and carbon dioxide. 
The tropospheres of both are warmer than 
the present-day model by as much as 20°K. 

Model 7, the "Pre-Archean"  model, 

I[ ' / I  ' I ' /  

35 .5 4 /3 

• .. ,..\ 

' ~ 2 5  \ ... I\ 
%° \ _ 

~,~;1"~ / 2 ~¢E ACE 
~'~/. I\  2/ 3 CAMBRIAN 

I-- / { ' .~ / .  4 ALGONKIAN 
/ I ~ ,  5 c ~ r o z o J c  

J P, "'.~. 6 A.,~CI.,~:.e.'~ -q  

o 1 , I , I i I 
180 200 220 240 260 280 300 

T E M P E R A T U R E  , OK 

FtG. 4. Radia l ive  convec l ive  lemperature  profiles. 
See Table  I for comp<)silion corresponding 1o each 
m<)del. 

represents an t~tmosphere rich in methane 
(20% volume) and an ammonia concentra- 
tion of 9 ppm. The surface temperature  
was not allowed to vary  since cloud cover, 
water vapor amount,  albedo, and solar 
output  in these early stages of the Ear th ' s  
existence were probably much different 
from what we find today. In any case, if an 
:~ppreciable concentrat ion of methane were 
present, then absorption of solar radiation 
by methane would permit  a well=developed 
tropopause and a very stable high-tempera= 
ture str'~tosphere, which coul<t have been 
100°K or more higher than in later stages 
of the atmosphere 's  evolution. ()zone and 
carbon dioxide have a negligible effect on 
the tempera ture  and methane and water 
vapor  are the consti tuents determining the 
tropospheric temperature.  

The surface tempera ture  appears to have 
been warmer than today  with little varia- 
tion over most of geologic time, if the 
atmosphere did indeed evolve from one 
rich in carbon dioxide and deficient in 
oxygen (Table IV);  carbon dioxide is the 
const i tuent  primarily responsible for this 
higher surface temperature.  ()zone is 
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TABLE IV 

SURFACE TEMPERATURE CHANOE FOR PROPOSED 
ATMOSPHERIC MObELS RELATIVE TO 
PRESENT-DAY MODEL (292.8°K) a 

M o d e l  Temperature change 
(°K) 

Cambrian 2.5 
Algonkian 11.5 
Cryptozoic 13.0 
Archean 12.5 

a See Table I for atmospheric composition. 

present in such small concentrations that it 
has little effect on the surface temperature. 

The Ice Age model, Model 2, demon- 
strates the necessity for including with the 
carbon dioxide reduction, the corresponding 
increase in ozone which should have 
occurred if such variation in carbon 
dioxide was due to biological processes. If 
the carbon dioxide is lowered to 0.65 PAL, 
then the surface temperature would drop 
about 2.3°K, but when the corresponding 
change in ozone is included (see Fig. 1), 
the temperature reduction is near 17°K. 
One should note that although the ozone 
column abundance has increased to about 
0.56 atm-cm, the distribution with height 
is significantly altered. The large amount of 
ozone above about 20 km produces a larger 
contribution to the outward flux from the 
stratosphere which requires a lower tropo- 
spheric temperature in order to maintain 
radiative balance. The smaller troposphere 
and lower stratosphere ozone concentra- 
tions accentuate the surface temperature 
reduction. Our major conclusion is not 
the magnitude of the temperature change, 
but to indicate the importance of the 
coupled carbon dioxide-ozone variations 
induced by biological processes. Indeed, 
one would expect other variations during 
an ice age, such as albedo, cloud cover, and 
water vapor amount, to influence the surface 
temperature as well. 

Perhaps the most significant result of 
this study is the colder stratospheric 

temperatures and the effect they would 
have upon stratospheric processes. In 
particular, the eddy diffusion coefficient 
was probably quite different than that  
used in present-day studies, especially 
when the carbon dioxide concentration was 
much larger than we find today. These 
results indicate that  the stratospheric 
regions were considerably less stable in 
prior eras, which could have significantly 
influenced the dynamics as well as the 
distributions of photochemically produced 
minor constituents. In addition, the effect 
of such lower stratospheric temperature 
on chemical reaction rates may be signif- 
icant. For example, the rate constant for 
ozone formation O + 02 4- M ~ 03 4- M 
is 

KI~ = 1.S X 10 -35 exp(lOOO/RT) 
cm 6 molec -2 see -1, 

while the destruction of ozone can occur as 
03 -~- O --~ 202, with rate 

K13 = 1.9 × 10 -11 exp(--4600/RT) 
cm 3 molec-1 see-1. 

If the carbon dioxide column abundance 
were greater than about 5 PAL, which 
may have corresponded to times earlier 
than 0.8 billion years ago, then the rate 
constant for formation would be about 
twice as large as the value used today, 
while the rate constant for destruction 
would only be one-twentieth as large. Thus, 
it is not sufficient for these early studies 
to simply incorporate the present-day 
temperature structure. Fortunately, Levine 
(1975) used a nearly isothermal strato- 
sphere in calculating his ozone concentra- 
tions which corresponds closely to our 
Model 4 and appears to represent an 
average stratospheric temperature over 
geologic time. 

Evolution of water vapor in the Earth 's  
atmosphere is a subject which has not been 
adequately addressed and represents per- 
haps the most uncertain aspect of the 
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m o d e l  a t m o s p h e r i c  compos i t ion .  To  assess  
t h e  i m p a c t  of th is  c o n s t i t u e n t  on the  
t e m p e r a t u r e  profi le  a n d  sur face  t e m p e r a -  
ture ,  a " d r y "  model ,  r e p r e s e n t i n g  a one-  
h u n d r e d f o l d  dec rease  f rom the  p r e s e n t - d a y  
m e a n  w a t e r  v a p o r  model ,  was i n c o r p o r a t e d  
in to  t he  A r e h e a n  m o d e l  a t m o s p h e r e .  T h e  
t e m p e r a t u r e  prof i le  in t he  s t r a t o s p h e r e  
c h a n g e d  on ly  s l igh t ly ,  be ing  some 2 to  4 ° K  
cooler.  H o w e v e r ,  t he  sur face  t e m p e r a t u r e  
dec rea sed  24°K.  T h e  r educed  w a t e r  v a p o r  
c o n t e n t  resu l t s  in a sma l l e r  "g r eenhouse  
ef fec t ,"  t hus  a l a rge r  a m o u n t  of ene rgy  
f rom the  sur face  and  lower  t r o p o s p h e r e  
escapes  to  space,  which  requ i res  lower  
su r face  and  t r o p o s p h e r i c  t e m p e r a t u r e s  if 
r a d i a t i v e  ba l ance  is to  be m a i n t a i n e d .  

SUMMARY 

R a d i a t i v e  convec t i ve  t e m p e r a t u r e  p ro -  
files for  t he  p a l e o a t m o s p h e r e ,  e x t e n d i n g  
b a c k  in t ime  to  4.5 bi l l ion years ,  h a v e  
been c a l c u l a t e d  for  an  "~tmosphere i n i t i a l l y  
r ich in c, a r b o n  dioxide ,  def ic ient  in oxygen,  
a n d  evo lv ing  to  t he  p r e sen t  compos i t i on .  
( )n ly  w i th in  t he  l as t  1 b i l l ion  years ,  or for 
c a r b o n  d iox ide  a b u n d a n c e s  less t h a n  5 
PAL,  a n d  wi th in  a m e t h a n e  d o m i n a t e d  
a t m o s p h e r e ,  if i ndeed  one d id  occur,  was 
t h e r e  a t r o p o p a u s e  s imi la r  to  t h a t  of the  

p r e s en t  day .  
T h e  m a j o r i t y  of t he  models ,  which 

m a y  r ep re sen t  m o s t  of geoh)gic t ime,  
exh ib i t  s t e a d i l y  dec reas ing  t e m p e r a t u r e s  
wi th  he igh t  a t  p ressures  where t he  cu r r en t  
• ~ tmosphere  d i s p l a y s  an  invers ion .  T h u s  
the  use of p r e s e n t - d a y  s t r :~tospheric  t e m p e r -  
a t u r e s  in s tud ies  of a t m o s p h e r i c  chemica l  
e v o l u t i o n  is jus t i f i ed  for  on ly  a b o u t  the  
mos t  r ecen t  300 mi l l ion  years ,  if t he  c . t rbon 
d i o x i d e - o z o n e  a t m o s p h e r e  as s t u d i e d  by  
R u t t e n ,  Berkner ,  a n d  Marsha l l ,  trod Lev ine  
r ep re sen t s  cond i t ions  in t he  E a r t h ' s  pas t .  

Sur face  t e i n p e r a t u r e s  d u r i n g  much  of 
geologic  h i s t o r y  would  a p p e a r  to h a v e  been 
some 10°K w a r m e r  t h a n  c u r r e n t l y  found.  
As oxygen  con ten t ,  and  b y  a s soc ia t ion  an  
a c c o m p a n y i n g  increase  in ozone a n d  r educ -  

t ion  in ca rbon  (l ioxide occurred ,  the  st trface 
t e m p e r a t u r e  dec reased  to  i ts  p r e s e n t - d a y  
value.  
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