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On the development of an aerobic atmosphere.
A model experiment |

EIGIL HESSTVEDT, SVEIN-ERIK HENRIKSEN, AND HREINN HJARTARSON
Institute of Geophysics, University of Oslo

Hesstvedt, E., Henriksen, S.-E. & Hjartarson, H. On the development of an :
aerobic atmosphere. A model experiment. Geophysica Norvegica, Vol. 31, No. 1, N
- 1974,

Phiotochemical atmosphere models are used to compute vertical profiles of O,
corresponding to O, contents ranging from 3 x 10~* PAL to the present level.
Two different models are presented: the first model is a static O-H model,
where the effect of atmospheric transport is disregarded. In the second model,
also an O-H model, vertical eddy transport is considered along with the photo-
chemistry. There is only a little difference in ozone column density computed

- from the two models, but the vertical profiles look quite different. The resulting
absorption of ultraviolet solar radiation due to 03, 05, and H,0 is computed. It
is shown that an ozone layer develops as the oxygen content rises from 3 x 104
to 3x107* PAL. The latter value gives total absorption below 285 nm, except
in the region 200-220 nm, where an efficient filter is provided by 2 m of water.
With continuous escape of hydrogen, the oxygen content may in principle con-
tinue to grow to the present value by photodissociation of water vapor alone. A
self-regulating - process, limiting the oxygen content to about 10-3 PAL, as
proposed in earlier works, does not seem to exist.

E. Hesstvedt, Institute of Geophysics, University of Oslo, P. 0. Box 1022, Blindern,

Osle 3, Norway

INTRODUCTION

It seems to be generally accepted that upon its
formation the Earth was without a significant
atmosphere. It is believed that our atmosphere
was initially formed by volcanic activity, where
outbursts of solid material were accompanied by
release of gases, presumably H,O, CO,, N, S50,,
H,, and Cl,. However, no O, is released by
volcanic activity.

In the primitive atmosphere, oxygen is believed
to have originated by photodissociation of water
vapor, supplied to the atmosphere by the oceans.
If alf other processes, such as escape of hydrogen
to space or chemical interactions between atmos-

This paper was submitted to the Norwegian Academy
of Science and Letters in Oslo, 16 March 1973 (revised
i March 1974).

phere and lithosphere, are disregarded, photo-
dissociation alone would rapidly lead to an
oxygen concentration which is 10-5 to 10~ times
the present atmospheric level (PAL). Continued
photodissociation would be compensated for by
the  back-reactions 20H —» H,0+0 and
OH+H,0 — H,+0,, whereby water vapor is
reformed. An increase in the oxygen content can
only take place if hydrogen is removed from the
atmosphere, for instance by escape to space. It
has been suggested (Patterson 1970) that our
present atmosphere is subject to such a loss at a
rate of 2.5—8 x 107 atoms cm~?s~*. Such a process
may have been going on continuously since the
Earth’s formation, although the escape rate may
have varied by orders of magnitude. The forma-
tion of an oxygenic atmosphere can in principle
be explained by the combined effect of dissocia-
tion of water vapor and escape of hydrogen to
space. This is in contradiction to the proposed
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self-regulating process which sets an upper limit
~ for the oxygen content which can be obtained by
photochemistry alone (Urey 1959, Berkner &
Marshall 1964, Johnson 1969). The argument for
such a limitation is that the increase of oxygen
will reduce the photodissociation of water vapor,
which takes place at wavelengths where oxygen
absorbs very strongly. One result of our com-
putations is that such a limit does not exist, as has
already ‘been pointed out earlier (Brinkmann
1969, Hesstvedt 1971). The increase of oxygen
beyond a limit estimated at 10~%* PAL can be ex-
plained without the production of oxygen from
photosynthesis, which may, however, have
changed the rate of increase of atmospheric
oxygen. It is also true that atmospheric water
vapor is broken down by reaction with excited
atomic oxygen, O(1D), formed by photodissocia-~
tion of ozone at wavelengths below about 310 nm.
Such radiation is not affected by oxygen absorp-
tion, which ends at 242.4 nm. The importance of
this reaction for our present problem has earlier
been pointed out by two of the authors
(Hesstvedt 1971, Henriksen 1972).

i. PHOTOCHEMICAL ATMOSPHERE
MODEL

We have only sparse information about atmos-
pheric composition at the earlier stages. Theories
on atmospheric development must therefore rest
upor assumptions which are often questionable.
In the study of atmospheric composition it is
often convenient to use photochemical atmos-
pheric models. Such models represent simplified
simulations of the atmosphere and can therefore
never give a full description of atmospheric
development. Nevertheless, such models have
often proved very useful in studies of certain
aspects of the chemistry of the atmosphere.

In the present study we are aiming at two spe-
cific goals, namely (a) to determine ozone profiles
corresponding to given oxygen contents, and (b)
to show that for any given oxygen content there
exists a composition which is in photochemical
equilibrium. Our basic model is a photochenmical
atmosphere model in which 38 reactions involving
oxygen and hydrogen are considered. Computa-

tions are made from the ground to 40 km altitude
for equatorial conditions. Our model represents
a simplification of the real atmosphere; the
validity of the results will therefore depend upon
the assumptions made. The photochemical reac-
tions considered here are given in Table 1. Ten
components are considered: OCGP), O('D), O,
0,;, OH, HC,, H;O0,, H,, H,0, and H. The
vertical distribution of water vapor is taken as
constant in our computations. One assumption is
namely that the vertical temperature profile has
always been the same. On this basis we estimate
a water vapor profile corresponding to a relative
humidity of 75 % in the troposphere and a mixing
ratio of 6x 1075 by volume in the stratosphere.
For a surface temperature of 26.5°C, corre-
sponding to present equatorial conditions, this
gives a column density of 1.66x 10*® molecules

“em™? for water vapor, The corresponding figure

for a surface temperature of 0°C would be
2.9 x 10*2 molecules cm™2, Even this lower value
is sufficient to shield the Earth’s surface from

"-solar radiation of wavelengths shorter than 197

nm. It is therefore probable that radiation below
this limit has never reached the surface.

On the basis of the reactions in Table 1, the
densities of the other nine components are com-
puted, first assuming that the total amounts of
hydrogen and oxygen atoms are in the ratio 2:1,
expressing that all components are derived from
photodissociation of water vapor. This would
correspond to the initial stage when no escape of
hydrogen had taken place. The oxygen content at
this stage is very low, about 10~° PAL. As hy-
drogen escaped, however, the hydrogen/oxygen
ratio (water vapor itself excluded) decreased and
the equilibrium concentration of oxygen increased.
At the same time, the photochemicai lifetime of
oxygen increased, and at about 10~% PAL it is
realistic to. assume that turbulent vertical ex-
change had become faster than the photochem-
istry of molecular oxygen. It is then convenient to
assume constant mixing ratios with height for
oxygen, ranging from 3x10-¢ to 1 PAL, and
compute the concentrations of the other com-
ponents, assuming that the atmosphere is in a
steady state. Two different models are computed.
In both, transport is indirectly considered for O,




and water vapor by assuming constant profiles as
explained above, In one of the models the effect
of transport has been disregarded in the computa-
tion of the other components, while vertical eddy
diffusion has been considered in the second model,
In the troposphere a value of 105 cm?s~! has been
taken for the vertical eddy diffusion coefficient,
while in the stratosphere lower values are
assumed, decreasing exponentially with height to
10* cm?s~* from the tropopause to 30 km, then
increasing exponentially with height to 5x 10°
cm?s ™! at 40 km (Isaksen & Hesstvedt 1973).
The computations are carried out as follows:
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For each model the oxygen mixing ratio and the

water vapor profile-are taken as constant. Number
densities for the remaining eight components are
computed on the basis of the reactions given in
Table 1, Production and loss terms for each
component are expressed in terms of reaction rate
coefficients and number densities. The assump-
tion of photochemical equilibrium defines a
system of eight nonlinear equations which deter-

~mine the atmospheric composition at a given

level. An iterative method is used to solve the
equations. Complete expressions for production
and loss are used in the computations. However,

Table 1. Reactions and reaction rate coefficients

(1) OCP}+OCP)+M — 0,+M
2y OCPY+0,+M — O+ M
3) OCGP)+0; —20,
(4ay O+ hv— O(GP)+0(3P)
(40) Oz+hv — OCP)+O(D)
(Sa) Os+hv— OCGP)LO,
58) Os+iv —O(D)Y+0O,
(6) OH+OCP)—-H+O0,
(7) HO,+0(P)-+» 0H+O,
8 H+0,+M -+ HO,+ M
9 H+0;—-0H+O0,
(10) OH+HO; - H,0+}+0,
(1D H,0,+hv —20H
(12) OCGP)+H,0; — OH+ HO,
(13) HOZ + HOz — H202+ 02
(14) OH-+H,0,;->H,0+HO,
(15) OH+OH — H,C+0OCGP)
(16) H,04+4v— OH+H
(17) H+HO, - H,0+0¢P)
19y H+H+M - H,+M
(20) O(DY+M — OCGP)+M
(21) O(P)+H,—= OH+H
(22) OCPY+H, -+ OH+H
(23) HO,+0; —- OH+20,
(24) OH+0O; - HO,+0,
(25) H+H202 — H2+ HOZ
(26) H+OCP)+M — OH+M
27 H+0; = HO,+ O¢P)
(28) H+0,— OH+O0OFP)
(29) O('D)+H,0 — 20H
(30) H+HO, — 201
(31) H+OH+M - H, 0O+ M
(32) OCP)+OH+M —>HO,+M
(33) H+OH - H,+OCP)
(34) H,+0H - H,0+H
(35) O(D)+0; =20,
(36) HO.+Av — OH+ OCGP)

ky = 3.8x10-30T7~1. exp (—170/T)
k2 = 1.07 x 10~3* exp (510/7)

ks = 1.9x 107 exp (—2300/7)

175 nm < 2 <2424 nm, J,,

A<175 nm, Jza

A>310 nm, J3,

A<310 nm, J;,

kg =42x10-11

k7 = 7Tx 10~

ks = 2.08 x 10~ exp (290/T)
ke =2.6x10"1

k]‘_{} = 2x}i0-10

187.5 nm < A <382.5 nm, Ji,0,
ki = 3.6 x 107 exp (—2950/T)

kiz = 3x(0-11 exp (—500/T)
kg = 1.7x 10~ exp (—910/1)
kis = 107 - exp (~530/T)

135 nm <2 <237.5 nm, Jyu,o

ki = 8.3x 107 - exp (— 500/T)
kg = 4.2x 1071 - exp (—350/7)
klg = §3x10-3

k20 = 39x10-u

kZI = 2.9x 1010

kay = 31071 - T+ exp (—4480/7)
ki = 107" exp (— 1250/ T)

k2 = 1.6 x 10712 exp (—1000/T)
kas = 2.8 x 10712 exp (— 1900/ T)
kgs 2x10-3

ky = 2x1071 exp (—4/RT)

kag = 3.7x 107 exp (—8450/T)
k2o = 3.5%x 100

kyp = 4.2 107 exp (—950/T)

k3 = 6.1x10-%72

k3, = 14x10-3

kas = 3x 10~ T.exp (—4480/1
kss = 107" exp (—5.9/RT)

Kys = 3x 1010

Juo, % Juy0,
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we get a better understanding of the chemistry if
the expressions are simplified by disregarding
terms which turn out to be unimportant. Starting
with O(D) we have, with a high degree of
accuracy

J3:[0:]+12,[0:]

[OCDNR e[ L,0]

for daytime conditions. (M denotes an arbitrary
air molecule.) Similarly, we have for atomic
oxygen in the ground state

[O]l=

and

ki THO.J

[H,0;] =~
2 Tas0a+ kulOH]

The equilibrium density of ozone is found from
the production and loss terms -of odd oxygen
(O + 03). The production term is, if small terms
are disregarded,

210051+ k1 JOHYP + Jyo,[HO:] + £17[H] [HO,)

and the loss term is

F3[Os]+ 205{0x] + k1 JOHP + (ko HI + Jy0) [HO:] + kzg[o(_lg )]

and for atomic hydrogen

[H]=

kof M] [O] + k[OH] + £4,[HO,]

kO] [OH] + Jua,0[H201+ (ko[ O D) + ksl OHD [H]

These three components have very short photo-
chemical lifetimes, sometimes up to a minute, but
in general, fractions of a second. Atomic oxygen
and hydrogen disappear at night. This makes the
night-time chemistry in the model relatively
simple.

For the other components the expressions are
more complicated, For OH, which has a short
lifetime and disappears at night, we have

[OH] % Pon/Qou
where

Pon = (2kps[O('D)]+ Juz0) [H20]

+ (k[ O)+ 2k3o[H]) [HO,]

+ (o[H]+ k25{HO]) [Os] + Ju,0,[H20]
Qou = kO] + k1[H,02]+ 2k;[OH]

+ ko Os]+ ksl H,]

[HO,], which also has a short lifetime, may be
expressed as

[HO,|~

kel M} O]+ ko[Os]+ (ks + ks + k3o) [HO,]

(U Os]-+ kd OHI+ A{HOSD [O] + ksl H]
4k [HO;]+ [ OFID [O4]
+ (2k35[ O3]+ kas[H,01) [O(*D)]

Since [O(1D)] and [0}~ [O(P)] are nearly propor-
tional to [Q3], [Os] is easily expressed in terms of
[OH]}, [H], [H,O], and [HO,]. _'

As mentioned above, O('D), OCP), H, and
OH disappear at night, and HO, is also reduced
by about one order of magnitude. The night-time
photochemistry of H,, H,0,, and O, is therefore
very slow. Thus daytime composition is largely
determined by daytime photochemistry. Daytime
means may therefore be used for the dissociation
rate coefficients.

Recent data on solar radiation and absorption
cross-sections are used for the computations of
the dissociation rate coefficients (Ackerman 1971,
Kockarts 1971, Hudson & Johnson 1973). It is
assumed that the pressure (apart from the in-
creasing partial pressure of O} has not under-

ksIM] [O5] [H,] + (£1H, 021+ k24[Os]) {OH]

For H, and H;O,; we have

k1s[HO,] [H]

H;]~ -
™ 00D+ k-ilOH]

kO1+ kofOH]+ (ki7+ ks + kzo) [H]+ 2k 15[H O]+ kas[ O3]+ Juo,

gone significant changes over the last three billion
years. It is emphasized that this is an essential
assumption in our model, since the total number




density [M] determines the production of ozone

through the reaction O+ O0;+ M ~> O3+ M.

In the model we have described above, O, H,,
and H,0, were determined on the assumption of
photochemical equilibrium. We shall refer to this
model as the ‘equilibrium model’ (although
vertical transport is considered for O, and H,O0).
However, O;, H,, and H,0O, have, at least in a
part of the height interval we consider, lifetimes
long enough to make photochemistry less im-
portant than vertical exchange. We have therefore
also computed a ‘transport model’, where vertical
transport of Os, H,, and H,0O; has been considered
together with photochemistry. As we shall see,
the two modeis give widely different profiles of
ozone below the ozone peak. However, the ozone
column density is only insignificantly (for our
problem) altered by the consideration of trans-
port.
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2. RESULTS

Vertical profiles of ozone, computed from the
equilibrium model, are shown in Fig. 1 for
oxygen levels from 3 x 10~* PAL to the present
value. The first trace of an ozone layer seems to
have occurred just before the oxygen level
reached the value 1072 PAIL. From then on, the
ozone layer developed rapidly and soon reached
values which are not too much different from
what we have in the present atmosphere.

The effect of vertical transport is clearly dem-
onstrated in Fig. 2, which shows ozone profiles
for the transport model. Generally speaking, .
vertical transport brings ozone down from the
peak level around 18 km down into the tropos-
phere. This rearrangement, however, does not
alter the ozone column density significantly.

It is of biological interest to interpret the pro-
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Figure 1. Vertical distribution of ozone for different oxygen levels, computed from a model where pho-
tochemical equilibrium was assumed for ozone,
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files shown in Figs. 1 and 2 in terms of ultra-violet
radiation penetrating to the Farth’s surface. As
already mentioned, water vapor is likely to
absorb all radiation below about 200 nm. The
most important absorbent in the interval 200-
242 nm is molecular oxygen, and above 242 nm
ozone. As one can see from Fig. 3, oxygen levels
between 10~° and 10-% PAL still permit radia-
tion at 210 nm to reach the surface. It should,
however, be remembered that other absorbents,
not considered in our model, may have been pre-
sent in quantities large enough to filter out even
this radiation. It is known that SO,, one of the
more abundant volcanic gases, absorbs strongly
between 200 and 220 nm; also in the region 260-
310 nm the absorption is significant. SO, is a
minor constituent of our present atmosphere
(mixing ratio ~ 3 x 10~®), which reduces radiation
at 210 nm by 12%; for other wavelengths the

reduction is less. If the mixing ratio in the primi-
tive atmosphere were 10-7, SO, would reduce the
radiation at 210 nm by a factor of 60, while-a
mixing ratio of 10~¢ would absorb all radiation
in the interval 200-220 nm. Such a high SO,
content would also absorb all radiation in the
interval 260-310 nm. Clearly, since SO, is washed
out of the atmosphere by precipitation, such high
concentrations would result in a highly acidic
environment on land.

It is further well known that water is an effi-
cient absorbent of ultraviolet radiation {Dawson
& Hulburt 1934). At 210 nm 2 m of water reduces
the radiance by a factor of 5x 10-5, for 3 m of
water the factor falls to 3 x 10-7. The absorption
coefficient decreases with increasing wavelength,
and at 280 nm complete filtering requires a depth.
of 15 m of water. Combining these figures with
the curves in Fig. 3, we may conclude that, for
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Figure 2. Veriical distribution of ozone for different oxygen levels, computed from a model where ver-

tical eddy transport was considered for ozone.



an oxygen level of 2-3x 1073 PAL and a depth
of 2 m of water, all radiation below 280 nm is
filtered out. Without water, i.e. on land, an oxygen
level of 2x107% seems to be required for a
complete absorption of the shorter wavelengths
{(below 290 nm).

Ozone profiles have also been computed for
summer and winter conditions and for other
latitudes than 0°. The results differ very little
from those given in Figs. 1 and 2. The path length
of ozone will vary with latitude owing to the
decreasing elevation of the sun. This will, for the
same amount of ozone, give an absorption which
will be somewhat stronger than that shown in
Fig. 2. For 60° latitude, summer and noon, the
path length of ozone will be increased by a factor
of 1.25 compared to the path length for over-
head sun. However, this does not necessarily
mean that the latitudinal variation in ultra-violet
radiation at the surface is small. In our present
atmosphere there is a marked increase in ozone as
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we go towards higher latitudes. This increase is
not attributed to photochemistry but rather to the
general circulation of the stratosphere. Some-
thing similar may have occurred et earlier stages
of the Earth’s history. It is therefore not unlikely
that Fig. 3 considerably underestimates the
filtering effect of ozone in middle and high lati- -
tudes. But since no data for stratospheric trans-
port in the past are available, it has not been
possible to account for this effect, which may
have been significant. In our present atmosphere
the’ ozone column density at 45° (summer) is %
higher than at the Equator. Accounting for the
sun’s elevation, a curve for 10-3 PAL and 45°
fatitude should run close to that for 3 x 10~ PAL
computed for the Equator for wavelengths above
250 nm (Fig. 3).

According to our models, an equilibrium state
exists for each oxygen level. An increase in
oxygen requires a loss of hydrogen, which may
have come about by escape of hydrogen to space.
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If no photosynthesis and no chemical interaction
between lithosphere and atmosphere took place
(which is certainly not true), the loss of hydrogen
to space should approximately equal the total
free oxygen content in the atmosphere. (An
average loss rate of 1.3x10% hydrogen atoms
cm~?s~? would be sufficient to explain the pro-
duction of today’s oxygen level in our model.)
Since the escape process must have been going
on throughout the history of our planet, the
conclusion must be that oxygen is bound to in-
crease contfinuously even without the aid of
photosynthesis. It appears, then, that photo-
synthesis is not necessary to explain the formation
of an aerobic atmosphere.

The dissociation of water vapor is partly due
to direct photodissociation, and partly due to
reaction with O(*D), which is formed by photo-
dissociation of ozone for wavelengths below 310
nm. At high levels, and for small oxygen (and
ozone) contents, the former process is the more
significant one. But in the troposphere and for
oxygen levels above 1072 PAL the latter reaction
is largely dominating. Furthermore, when dis-
cussing photochemical production rates of
oxygen, one should always have in mind that
oxygen production goes on not only near the
surface, but also at much higher levels. Turbulent
transport will then bring the produced oxygen
down to the surface and account for a constant
mixing ratio with height.

The development of the stratospheric ozone
layer has recently been studied by Ratner &
Walker (1972). They used a pure oxygen equili-
brium model and obtained quite different results
from ours. Their profile for 1 PAL also differs
from observed ones, not only at heights where
hydrogen is known to reduce ozone, but also at
heights where the pure oxygen model is believed
to simulate the atmosphere fairly well. Part of

the disagreement must therefore be sought else- -

where, for instance in the difference in data used
for solar radiation and absorption.

It is true that the ozone content may also be
influenced by other minor constituents, such as
CO and nitrogen oxides. Since nothing is known
about these gases at earlier stages of atmospheric
development, models involving CO and nitrogen

oxides must be highly speculative, It may, how-
ever, be of interest to mention that for oxygen
content around 10~* PAL, the ozone will only be
affected by nitrogen oxides if the mixing ratio is
greater than 10~°% This is comparable to, and at
many heights higher than, the present value. Since
stratospheric NO, is formed by photodissociation -
of NO, produced by bacteria at the ground, such
a high NO, content is not very likely. On the
other hand, the CO content may have been quite
high in the stratosphere. This depends to a great
extent upon the CO, content, since CO is formed

‘by photodissociation of CO, and broken down

by OH through the reaction CO+ OH — CO, + H.
If we assume the same CO, content as in the
present atmosphere, we arrive at CO mixing ratios
around 1078 CO will then destroy OH and
thereby influence ozone. It should, however, be
emphasized that even higher CO, levels would
not make the results obtained here invalid; it is
more a question of relatively small modifications.
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