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ABSTRACT

Studies of photochemical reactions of the pure oxygen atmosphere are made using reaction rate constants and

atmospheric data available in the latest literature. The daytime and nighttime variations in atomic oxygen and

ozone are computed, based on three different conditions: 1) photochemical equilibrium, 2) direct integrations of

the rate equations with modifications and approximation to the equations, and 3) by numerical integrations.

The departure from the photochemical equilibrium concentrations during day and nighttime are discussed by

comparing the results obtaind from the three conditions.

I. INTRODUCTION

Since the appearance of Chapman’s paper(1930) on
ozone and atomic oxygen in the upper atmosphere,
of the work by Wulf and Deming (1936) in ozone
photochemistry, and of the paper by Bates and Nicolet
(1950) on the photochemistry of atmospheric water
vapor numercus authors have made similar studies on
other chemical species which pertain to atmospheric
phenomena. Oxygen allotropes, nitrogen-oxygen com-
pounds, and hydrogen-oxygen compounds have been
studied more extensively than other species since these
compounds are the major constituents of the atmosph-

ere. Especially the oxygen allotropes have been a major
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This is

due partially to interest in the ozone layer and in

subject in studies of atmospheric chemistry.

atmospheric heating by the recombination of atmoic
oxygen into molecular oxygen and ozone. A survey
of the many existing papers on the photochemstry of
the oxygen allotropes shows that most investigators
agree on the nature and mechanism of the photoc-
hemical reactions of the oxygen allotropic species.
However, some results, such as the number densities
of the allotropes and the relaxation time (or charac-
teristic time), vary considerably among investigators,
in some cases by an order of magnitude or more.
This disagreement can be attributed to the adoption
of different atmospheric models, the use of different
values for the reaction rate constants, and different

approximation or modification methods for the
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integration of the rate equations.

A thorough review and compilation of the kinetic
rate data for the reactions of the neutral atmospheric
species has recently been undertaken in this labora-
tory. The purpose of this paper is three-fold. First,
it discusses the photochemical equilibrium kehavior of
the oxygen allotropes, using the latest available val-
ues of the rate costants; results are compared with
other previous results, Second, it describes an invest-
igation of the possible departure from the photoche-
by the
Third, it

describes attemypts to obtain simultanecus solutions of

mical equilibrium behavior of the species,

direct integraticn of the rate equations.

the rate equations by numerical methods. The simul-
tancous solutions by the numerical method do not add
much insight into physical or chemical mechanisms of
the distributicn and the time variation of the species.
However, we should expect accurate values for the
distributicn and the time variation from the numerical
integration of the equations.

The atmospheric model, the total number density,
and the uniform mixing ratios of N, and O, are
taken from thke publication by CIRA (1965).

II. Photochemical Equilibrium Condition

There are many chemical processes invelved with the
oxvgen allotropes which can underge many chemical
processes resulting from the excitaticn ¢f atoms and
molecules or thermal dissociation of molecules, but in
this discussion we limit the process to the five most

important reactions, namely

O,+ h—0(CP)+0('D)

Oret homOCP) + OCPS (Jy) weerrerercenasnnenne ¢
O+ hv—0,-0 (Jo) erevereerenecroienss (2)
0+0+M—-0,+M (Byy) seemrrereammeenineens &)
O+ 0,4 M0, M (k) weereemraesieniennnns “@
0+0,—20, (ki) wrvereesremrimmanenes &)

where J’s are the photcdisscciation rate constants, k’s
and M is the third bedy

atom or molecule. The detailed description and the

the rezcticn rate constnts,

calculation of the J values are given in the works by
Nicolet (1964), Craig (1965), and Nawrocki and
Papa (1963).
values 1 %x107°~1077 and 3.0~8.0 x107* for J, and

J,. respectively, since there is considerable uncertainty

Many authors employ the constant

involved in the values of J when these are plotted
against the altitude. The values of J, and J, adopted
in this paper are based on Horiuchi’s work (1961) for
the region below 80 km; for the region above 80 km the
J. values are extrapolated from the values at the lower
region and the constant value of 3.8%107% for J, is
employed. The vertical profile of J, and J, is shown
in Fig. 1. Also indicated in Fig. 1 by the circles are
the values of J, and [; obtained by Catchpeole(19€4).
The effect cn the distribution numkbers of the species
and on cther physical properties due to the discrepa-
ncies or uncertainty in the ] values will be discussed
in Secticn V. The values of k are based cn the data
reported by Schofield (1867). In the case of three-
3 and 4) the rate
constants very to scme extent according to the nature
or species of the third bedy, and thus the effectiveness

of the recombination may be altered.

body reccmbinaticn reactions(Egs.

In this work
we take the number dersity of the third body as the

sum of the number densities of molecular nitrogen

Young and Epstein(1962) chose the

number density of the third bedy as
n(m’l):n(oz)'*'o- 6n(N2>

where n(0,) and n(N,) are the number densities of

the molecular oxygen and nitrogen, respectively, Our

and oxygen.

calculation shows that when such a correction for the
third body concentration is made cur results for the
atomic oxygen and czone ccncentraticn are increased
by only a factor of about 1.1~1.2. The values of k
employed in this work are given as follows:
ki =5. 0107 x (T)"*(molecules™, cc?, sec™)
k1:=7.5x107° x exp(890/RT) (molecules™?, cc?,
sec™!)
ku=§[s. 6x 107" x exp(—5700/RT)-+2. 4 x 1071
x (T/256)"* x exp(—3070,/T)+5. 0 x 1071
X exp(——3020/T):|(molecules", ce, sec™)
where T and R are the absolute temperature and the
gas constant, 1.98717(cal., deg. ~!, mole ™).

The rate of change of the oxygen allotropes is
governed by the equations:

d!ld(tO) =2J2ﬂ(02) +J3n(03) — 2k11n(1\/1)n2(0)
—k n(M)n(0)n(0,)— £ ,n(0)n(0;) ---(6)
d—rltgzo_22 =—Jn(0)+ Jsn(O5)+ k11n(M)n2(0)
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— byt (MD2(0)(0) + 2k (O)n(0y) (7
9060 1,2(0) + i (MIn(OIn(0,)
() (O D T SR (8)

where n () indicates the number density of the
species (number of particles, cc™?). The photochemical
equilibrium number densities of the atomic molecular
oxygen and ozone are obtained by solving Egs. (6),
(7), and (8) for the condition.

The dissociation of molecular oxygen into atomic
oxygen indicated in Eq. (1) depends on the actual
ultraviolet solar spectrum in the regions of the Schu-
mann-Runge bands around 1750 A and of the Herzberg
bands around 2500A (see for example, Nawrocki and
Papa (1964), Watanabe (1958), and Nicolet (1964)).
As pointed out by a number of investigators the
frequency distribution of the solar spectrum in the
ultraviolet region can be related to the black body
temperature of the sun, and it turns out that the
relaxation time (or characteristic time durding which
the concentration reduces to 1/e of the initial value
or increases to e times the initial value) is about 3x 10°
sec at the black body temperature of 6000°K and 10*
sec at 5500°K. Therefore we assume that the oxygen
molecules maintain nearly photochemical equilibrium;
the equilibrium number density of O, is simply obta-
ined from the total number density of the atmosphere
with the uniform mixing ratio of the molecular oxyg-
en.

Let 2(0) and #.(O;)be the photochemical equilibrium
number densities of O and O,,
from Eq. (8).

respectively. Then

The substitution of #,(0;) into Eq. (6) at the pkoto-
chemical equilibrium condition yields a cubic equation
in n.(O) with three real roots, only one of which is
positive. However, the computation of these roots is
complicated; in this work instead of solving the cubic
equation, 7,(0) and 7,(0,) are computed by simulta-
neously solving Eqs. (6) and (8) using the Newton-
Raphson method, which will be discussed later.
Bates and Nicolet (1950) derived the expression of
7,(0) and n,(0,) for different regions of the atmos-
phere. In their derivation some terms in Egs. (&)
and (8), whose orders of magnitude are very smalj,
are eliminated; this modification gives an equation
quadratic in #,(0) which is easilyv soluble. Their
formulas are listed in Table 1. For the region above
70 km they took only the photodissociation of mole-
cular oxygen and the three-body recombination of
atomic oxygen into account, and they assumed the
condition J;>»k,57.(0) for the region below 100 km.
The results in n, (O) and 7.(0;) based on constant
values for J, and J, differ considerably from those
based on the variable values for J, and J,, and the
position of the maximum peak
of #,(0) varies with changes in J, and J,. in Fig
2 the variations of #,(0) and 7,(0,) are plotted. In
Fig. 3 the factors
[1+-2edo o)™ and [1+ Km0y
k1], Is
are pldtted for O and Q,, respectively; the factors
indicate the relation among the approximations ado-
pted in deriving the formula listed in Table 1. Since

the values of &y, and %,, differ by less than an order

2.0y = k(M0 Dn,(0) © of magnitude, a crude estimation indicates that the
e Jat k10 (O) n{0) concentration around the 100 km level is increased
TABLE 1. Photochemical Equilibrium Number Density Formulas of O and O,
Altitude 7,(0) 7.(05)
J.2(0) T ki (M)n(O,)
Above 100 km [ /31171(1\/1) :I J3+k13n,(0) 7O
70-100 km [%(QM))— i M(MJ)_”(CA)—n,(O)
1L 3
W
60-70 km (10D /kn O e Lsbop) [ Luan@D20D 4, 0
11J3 3
12 Jokion (M) 117
Below 60 km [k,zkmn(M)] {T} n(0,)
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by the factor of 1+% %’—n(Oz) from that at the

3
60 km level and that the #,(0,) concentration is

ki, 0.
3

decreased by the factor 1— J

. Departure from Photochemical
Equilibrium Behavior

a) Daytime Variation. Some works (Nicolet, 1964,
1965; Penndorf,

atomic oxygen and ozone based their calculations on

1949) on the diurnal variation in

the argument that somete rms in Eqs(6). and (8) cont-
ribute far less than others to the variation; this assu-
mption makes it possible to integrate Eqs(6). and (8)
directly. Extensive calculations and integration of the
rate equations in more generalized form have, how-
ever, been made recently by Wallace (1962), Leovy
(1964), Hunt (1965), and Barth (1961) for nighttime
variation. According to Wallace, the actual daytime
atomic oxygen concentration may be ten times less
than the equilibrium value in the region extending
from below 60km to about 85km. He obtained the
daytime atomic oxygen concentration by integrating
Eq. (6), substituting the equilibrium formula, Eq. (9)
for n(0O,).
His formula is
w(O)~[— TPy T
kR:(;\/lz {11 TR0y |
(_Re_zm_) ................................. a0
where
R— 2J,n(0,) +Qn,;(0)
2J,1(0,)—0n;(O)
ki k Bk
Q =[ 4Tk (WD (0D f1+-2ke 0y} "a12)
11¢¥3
and 7;(0) is the initial value of #(O).
If the relation Re’?>1 holds in Eq. (10), the for-
mula of z(0O) reduces to the photochemical equilibr-

listed in Table 1. Such a
relation is attained if ¢ approches infinity or Q takes

S

ium expression of #(Q)

a value such that the R values become large.

The values of R, however, are very sensitive to
the number of signficant figures in the terms 2J,z
(0,) and On;(0), whose difference comprises the
denominator of R. Because of much uncertainty
involved in the rate constants it is not easy to obtain
a precise value for R. The departure from the phot-

ochemical equilibrium concentration should depend

on the qualitative interpretation of values of Q,
which is inversely proportional to the characteristic
time.

In this section we perform calculations similar to
those made by Wallace, extending the region from 40
km to 110 km. Also the approach adopted here is
somewhat similar to Nicolet’s (1964, 1965).

In order that Egs. (6) and (8) be directly integrable
some approximation or modification of these equation
is necessary; such approximation is made by comp-
aring the orders of magnitude of the terms in the

for n(O) and 2(0,),
substituted by their equilibrium values. The values of

equations with the values
the five terms contained in Egs. (6) and (8) are plotted
in Fig. 4.

Below 60 km we can neglect the term 24,,7(0)n?(0).
Then Eq. (6) is modified to

0) —272(0) +7:n(0)
—kn(MDr(0)n(0,) — ;50 (0)n(0y) - (13)

The solution to this equation is
n(Q)=n;(Qexp{— (Bn(MDn(0,) +k137,(0:)) 1}

2J1(0,) +J1,(0;) [1—exp{—
ko n(M)n(0,) +k131.(O5)
[k, :n(MDn(O5) +hin,(0)]e}]) oo 19

where 7,(0,) is the equilibrium ozone concentration.
The characteristic time of the atomic oxygen in this
region is repesented by

e = [k (M)n(0) +hignt ()] erenersvassens 1s5)
In Eq. (15) the value of the second term is about two
orders of magnitude less than that of the first one,

and thus the characteristic time is approximated to
e[t (M)R(0) 1 weresvsrereasmserenensenens (152)

This indicates that the variation in atomic oxygen is
mainly due to the recombination of atomic and molec-
ular oxygen into ozone. A different approach to this
If we assume that the ozone
concentration expressed by Eq. (9) is stilld valid at
lower altitudes and that J;>%,32,(0) holds, the second
and third terms on the right-hand side of Eq. (13)

case could be made.

cancel each other. The solution to the equation is
dfferent from Eq. (14) and is written as
2J2J3 }1/2{ RezQ‘”—l}

n(0)={ FikanOD ) | Re@ar
where

Journal of the Korean Chemical Society
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Q{2 bk Y,

and R has a formula identical to Eq. (11),
that (J has been replaced by Q..
Egs. (10a) and (12a) can be derived directly from

except

the solution of the more generalized case, Egs. (10b)
and (12b), when the following condition, which is
valid at lower altitudes, is applied to Eq. (10b).

Feke 1051

The characteristic time for the change in n(Q) exp-
ressed by Eq. (10a) is (2Q,)™"' and this quantity is
roughly two orders larger than the wvalue of C
in Eq. (15a). The discrepancy is due to the fact
that the contribution from the term £,,2(0)n(0;)
to the variation in atomic oxygen is considered
quite effective inEq. (10a) but is ignored in Eq.
(15a2). This is an example which indicates that

a rate ‘equation can yield two entirely different
solutions depending on how an approximation to the
Above the 60km to 80 km region

all the terms have about the same order of magnitud, e

equation is made.

and therefore no terms can be eliminated from Eq.
(6). Therefore Wallace’s formula is the preferable
solution for the concentration of atomic oxygen at
these altitudes. Above 80 km to 90 km the term k.
(0)n(0;) can be dropped from the rate equation,
Eq. (6), and this results in a solution slightly differnt
from the Wallace expression. The atomic oxygen

concentration formula is now

_ J,.n(o ) 12
o= i1 kfzku, |
Lm0 14 #(0.)
Re*t—1 )
(W) ................. (10b)
and
kysks v
Qu=(47:kn M7 (0 142k 00 |
................................................... (12b)
R has a formula identical with that in Eq. (11),
except that Q has been replaced by Q;. Q and Q,

have values of equal magnitude above 70km, and
below 60 km they differ by the factor of 2. Above 99
km the rate equation for atomic cxygen is greatly
simplified since the J;#(0;) can be neglected. Thus

the rate equation is expressed by

Vol. 13, No. 4, 19689

4200) 5 1:n(0) =2k nMIP(O)er oo (16)
The soltution to this equation is
[ Jem(0) 1 [ Re*2cr—1 ‘
#(0) [kun(M) | ( Re®oy1 ) a0y
where
Qc=2[kuJ2n(M)n(Oz):"’2 ..................... (120)

The formulas expressed by Egs. (10¢) and (12¢)

can also be derived from the corresponding formulas

(10) and (12) when the condition
klZ 13 n(02)<1

of Egs.

is assumed vahd in this region. Such a condition

- was also discussed in connection with the derivation

of the photochemical equilibrium formulas, and the

f 'Iz”’{}” —2213 5(0,) against the altitude is shown

variation o
in Fig. 3.
The characteristic time of the process expressed by

Eq. (16) is
T=

_ 2Qr {k“JZ”(M)ﬂ(OZ)} _p

and this formula differs slightly from that obtained
by Nicolet(1965), his coefficient being 0. 275, instead
of 1/4.

The nonequilibrium behavior of ozone can be inve-
stigated by steps similar to those employed for atomic
oxygen. However, unlike the case of atomic oxygen,
the ozone rate equation allows no simple substitution
for the atomic oxygen concentration in order to make
the intergraticn of the equation more tractable.
Nicolet(1965), neglecting the three-body reccmbinaticn
reaction of atomic oxygen in Eq. (6), obtains the
expression for the equilibrium atomic oxygen concen-

tration

2J,:n(0,) -+ J;n(0;)
klzn(lvl)”(oz) +k151(Oy)

The substitution of #,(0) in Eq.(8) and the use of
the relation £,;2(C;) <k, n(MIn(0,) yield two rate
equations from Eq. (8).

d”gtos) =21 (Q,) ceeerriemiiinniiiiin (19a)

7,(0)=

and

dn(0,) k5

dt * kw”(M)ﬂ(Oz)nz(Oa)=2J2”(02)

The solutions to these equations are respectively
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2(0)= 71;(03)[1+—%%—)— t} ............ (20a)
and
#(0) =n(0p)[ LD THFEu—1 ) (o0,
where
- 2Jm(O)+an(Oy)
F 2J271(02) —ani(OS) (21)
— k13J2J3 s eeeeeereesaesraseerssenns
a2 ] @2

and »,(0,) is the initial value of #(0,).
In Eq. (20a) the term Z-M is quite small,
7;(04)
i.e. the order of magnitude is roughly 107 in the
region between 30 km to 90 km. Therefore about 10
% deviation in the concentration from the n;(0,)
value takes place during 10* seconds. The characte-

ristic time of the ozone variation for the second case,

Eq. . (19b), is
e L AT koD 2,
" 2a 4[ kstst ] (23)

This formula is in agreement witht Nicolte’s expression
except that we obtain the factor of % instead of his
factor 0. 275.

In the derivation of Eqgs. (20a) and (20b) we assumed
that the condition k,;n(0;) <k a(M)n(0,) is valid
throughout the region above 40 km. As shown in
Fig. 4, the term k,3%2,(0)n,(0,) is about two orders
of magnitude less than the terms k,,2(M)2,(0)n(0,)
and J;%,(0,) which are the  same in their values, but
in the rate equation, Eq.(8), They have the opposite
signs. From this fact we can consider that the terms
ki n(MDR(O)n(0,) and J3n(O;) cancel each other and
the minor term k,37(0)n(0,) contributes effectively
to the rate process of ozone; thus Eq. (8) is modified
to

dn(gtoa) = — ki (OIN(0,) werreseriermerreerens (24

‘With the substitution of the equilibrium formula
{ Jods }"2
kyoky (M)
for #2(0) the solution of Eq.(24) is obtained.

n(0Q,) =1;(05)e7% ceierieiiiiiiiiin e (25)

where

N L — 26

The reasoning employed in the derivation of Eq.
(25) may not be close to the real situation; however,

it is intersting to note that the characteristic time of

the ozone variation in Eq. (25) is diffrent by a factor
of 1/4 from that in Eq. (20b). Ancther fact is that
the ozone variation expressed by both Egs. (20a) and
but Eg. (25)

indicates its decrease with time. The actual photoch-

(20b) indicates its increase with time,

emistry of the ozone is governed by many factors and
reactions other than the simplified chemical reactions
investigated here (Craig, 1965; Diitsch, 1961). The-
refore the conclusion for the daytime ozone variation
should not be drawn merely from the results obtained
from Eqs. (20a), (20b) or (25).

b) Nighttime Variations. The nighttime variations
in atomic oxygen and ozone are also investigated by
using the same rate equations, Egs. (6) and (8) but
with the condition J,=J,=0. Although this condition
simplifies the equations, they remain quadratic with
regard to 2(0) and n(Q;). There exists no photoche-
mical equilibrium during the night since the roots of
the equations are either zero or negative,

The nighttime rate equation of the atomic oxygen is

42O — b, (WD (0) ~ e VDMOI(O)
—En(O)n(Og) +reveresvrrasienainns @D

Below 60km the second term in the right-hand
side of the equation is predominant.

In the narrow region around 70 km the values cf
the three terms are similar in magnitude. In principle,
therefore, no term can be eliminated, and the direct
integration of Eq. (27) is practically impossible. A
crude approximation is made by dropping the third
term and by multiplying the first term by two, since
the term values are almost identical. The use of this
approximation makes it possible for the equation to
be integrated. Between 80 and 100 km the contribution
from the third term is quite negligible, since the
controlling recation processes at these levels are
mainly due to the first and second terms. Above 100
km only the three-body recombination of atomic
oxygen is responsible for the variation. The solutions
of Eq. (27) at different levels are given by the follo-

wing equations.

Below 60 km,
n(o)=ni(0)e—nzn(h[)n<02)' ........................ (28)
The characteristic time for this solution is
r=[/€,2n(M)n(02)]" .............................. (29

Journal of the Korean Chemical Society
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In the neighborhood of 70 km,
n(o):ni(o)g—hzﬂ(M)" 02)¢

k.n(ADR(0,) }
|: 7 nQDB(0,) + 4k n (M) (Q) (L —efremdbmowt

= for Eq. (30) is identical with = in Eq. (29). Between
80 and 100 km the solution is the same as the formula

given by Eq.(30), except for a numerical coefficient of
2in stead of 4 in the second term of the denominator.
for The formula for ¢ in Eq. (29) is also applicabl
Above 100 km,

to 7 this case. the atomic oxygen

concentration is

7(0)=n;(0)[ 142k, n(MD)n;(O) 71 weveerees [€1))]
The coefficient 2k, n(M)z; (O) is very small in mag-
nitude, about 1077 or less, when n; (O) is replaced by
7.(0),

oxygen will remain at its initial value for the period

indicating that in this region the atomic

of about a month.
The nighttime ozone varies through the rate equa-

tion of
_‘1”_2?_9_:12”71(1»1)71(0)71(02)—kun(O)n(oa)(sz)

We assume that below about 75 km the atomic oxygen
variation is efficiently represented by the equation
n(o).:ni(o)eAi12'1(1\1)"(02)l ........................ (33)
Thus the substitution of the #(0) formula into Eq.
{32) makes the equation integrable, and we get the
solution to Eq. (32) as
kian;(0)

7(05)=mn;(Oy)exp {_ H{ﬁrn(o—z)
M)’-(O,):)}_L km"(‘i\g)n(oz) [

(1"9 ckizn

1—exp

rmiatoy e o e)|] e

For the period of time less than about 10° sec (about
1 day)k,,n(M)n(O,)¢t becomes equal to about 0.1 or

less, and in the expansion of the exponential term

the terms higher than the first order are neglected.
‘Thus Eq. (34) is approximated to

2(0g)=n,;(0,), " <@+ 1 kian(M)#(0,)

( 1___e—mni(0)r) .............................. (35)

In both solutions the characteristic times have the
formula

7=k (O)]70 sreeeemrnin (36)
The ozone concentration beyond the 80km level
diminishes rapidly with increased altitude, and it

reaches an equilibrium value in a few hours or less,

Vol.13, No.4, 1969

as indicated by the values of Eq. (36) plotted in Fig.
5b (curve II). The rate -equation for this region is
deduced from Eq. (82) by retaining only the first
term, the three-body recombination of atomic and
molecular oxygen into ozone. Since the corresponding
variation in atomic oxygen concentration is described

by Eq.(31), Eq. (32) reduces to
7;(0) ]

4r00) :kun(l\l)n(oz)[m
......................................................... 3D
The ozone concentration varies according to
71(0;)=n,;(04) + by ,n(M)2(0,)n,(O)t
or 2=1,(0,) +7;(0)  wereereserininienin (38)
In the derivation of Eq. (38) the conditions 2&,,2(0M)
7;{0)¢t<L1 and k,,n(M)n(0,)t=1 are assumed to hold.
Eq. (38) indicates the upper limit value of »(0,).
Similarly to the situation of the -ozone variation in
the lower atmosphere, the variation in n(O,) above
80 km is not merely controlled by the reactions
studied in this paper, but as pointed out by many
authors, the formation of hydroxyl radicals from
the reaction between ozone and hydrogen becomes
one of the important atmospheric reactions at this
level.

The characteristic times associated with the daytime
and nighttime variations in atomic oxygen and ozone
are shown in Fig. 5a and 5b. The values of (2Q)7!
and [k,n(M)n(0,)]™' calculated in this paper differ
from Wallace’s values by a factor of 4 or more, and
the difference is mainly due to the differences in the
atmospheric models and the rate constants adopted. As
expected, the magnitude of Eq. (12) and Eq. (12a)
are the same at lower region, and at the high altitudes
Eq. (12) and Eq. (12¢) lead to the same values for the
characteristic times. The characteristic times expressed
by [k,n(M)2(0,)]7', Eq. (152) decrease repidly and

they approach the values of (2Qa)"! at the very low
altitudes about the 30 km level.

The characteristic times associated with the variation
in ozone represented by curve I (daytime) in Fig.
5b, remain in a relatively constant value between 70
and 80 km. This result may be due to the neglect of

some possible reactions of ozone with hydrogen.
IV. Numerical Solutions

Chemical reactions of a system of atmospheric
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species are rate phenomena occurring simultanecusly;
therefore computations of the distribution of atmosph-
eric gas concentrations (or photochemical equilibrium
concentrations) and their time variations should be
investigated by solving the rateequations simultaneously
However, if the rate equations contain terms of the
second order reactions (nonlinear with respect to con-
centrations) as in Eqs. (6) and (8) the direct integra-
tion of the two equations is almost impossible unless
some modification or approximation is made to the
equations. Such difficulties involving Eqgs. (6) and (8)
were discussed by Craig (1965).

Leovy (1964) was able to solve the rate equations
simultaneously by modifying the equations into the
linearized forms: he substituted the initial value #;
(O) for n(Q) in the nonlinear terms. Hunt (1965)
reported the simultaneous integration of Eqs. (6) and
(8) with the use of the four-point Runge-Kutta scheme
for the height range of 47-80 km. In Hunt's work the
initial values of #(0Q) and n(0,;) were nct obtained,
and it was necessary to repeat the integration using the
new values until a stable state was reached, in which
the values of 2(0) and »(0i) for a 24-hour pericd were
the same as those for the same time on the preceeding
day. He found that the lower altitude regions rapidly
stabilized while the high regions required several 24-
hour iteration processes to attain a steady state.

In the present work on a CDC 6600 computer the
essentially

initial equilibrium values (These are

photochemical equilibrium values, but we czll them
initial equilibrium values in this section in order to
avoid the confusion with those in Section I.) of
7(0) and 7(0,) are computed using the Newton-Rap-
hson method (from Ralston, 1965) to solve two sim-
ultaneous nonlinear equations:
2J.:1(0,) +J3n(0,) — 2k, n(M)n2(0)
— ki n(M)n(0)n(0,) — k37 (0)n(0;) =0---(39)
—J2(0y) + £ ,n(M)n(0)n(05) — &,,n(0)n(0,)=0
The values of #(0) and = (0,) computed by this
method agree closely with those of #,(0) and 2.(0,)
calculated in Section [, the difference being less than
The fourth order Runge-Kutta
integration method (from Ralston, 1965),
by Hunt, is employed to integrate Egs. (6) and (8)

109 in most cases.
used also

simultaneously. The integration was performed starting
from the noon hour with the 24-hour iteration cycle.
The initial equilibrium values obtained from the
Newton-Raphson method are used as the starting
values in this integration. The values obtained from
the integr- ation for 24-hour and 48-hour pericds
were averaged with the initial equilibrium values,
and the iteration was repeated until stable steady-state
values are atta-ined. Time steps of 1 minute, 3
minutes, 5 minutes, and 15 minutes were employed.
The results obtained from the 1-minute iteration
were used to investigate the variation in
concentration at sunset and sunrise. As the time
step was increased the integration became more unst-
able; for instance, the time interval of 5 minutes or
larger failed to show stable integration below 65km
whereas the time step of 1 minute allowed stable
integraticn down to 50 km. Also in the region lower
than 55 km the variation in atemic cxygen after sunset
changes very rapidly and its concentraticn reacked
zero in a short time; for example, at 50 km the atomic
oxygen concentraticn changed frem 2. 44 x 10%° (mol-
ecules, cc™!) to zero in a 15-minute interval. This
variation is in good agreement with the result cktained
in Section I, in which the characteristic time of the
nighttime atomic oxygen variation at this level was
found to be about 20 sec.

Similar to Hunt's, result it was fcund that in the region
between 50-70 km atcmic oxygen and ozone reached
their state rapidly within one 24-hour cycle and between
75-100 km it required longer periods. Above 100 km
it was also found that one 24-hour cycle iteration was
again sufficient to bring #(O) and = (O;) to their
steady state values. Fig. 6 shows the ratio of
photochemical equilibrium concentrations to initial
equilibrium concentrations obtained from the Newton-
Raphson method and the ratio of nonequilibrium
concentrations, obtained from the Runge-Kutta method

to initial equilibrium concentrations.
V. Discussion

In sections I, @I, and I calculations of the con-
centration profiles of atomic oxygen and ozone were

peromed under the condition of photochemical equili-
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brium, by making modifications and approximations
to the rate equations, and by solving the equations
simultaneously with numerical methods. Calculations
were also performed on the time variations in atomic
oxygen and ozone at various altitudes under the under
the latter two provisions.

Fig. 1 and 2 indicate that some discrepancies exist
the values of .J, and J, between those adopted in this
paper and those calculated by Catchpoole. Catchpoole’s

values for J, near the 80 km region are smaller by an
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order of magnitude than those employed in the present
calculation, and his J; values are fcund to be larger
by a factor of about 3 in the entire region. .J, appears
in the #.(0) formula as (J,)/% and J; in #,(0;) as
1/J, in the region above 60 km, and below this level
the 7.(0) and 2,(0,) formulas contain the factors
(T JDV? and  (J,/Jy), Therefor, the

influence of J, and .J, on the numbter densities of O

respectively.

and O, can be easily estimated.
The comparison between the results of the present
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Fig. 7a. Variations in n(O) for a 24-Hour Period
calculation and those of other investigators are made observed. As pointed out by a number of investigators
in Fig. 8a and 8b. Fig. 8b indicates that theoretical such high values may have resulted from the neglect
calculations usually yield higher values of the photo- of some possible reactions between ozone and excited
chemical equilibrium distribution of ozone than those species of atomic and molecular oxygen and between
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ozone and OH radicals. In the lower atmosphere the
reactions of oxygen allotropes with NO, NO,, and
water vapor are quite significant; during the night at
70 to 90 km levels, the formation of hydroxyl radicals
from the reaction between ozone and atomic hydrogen
is important and is responsible for the OH night glow
emission cbserved at these levels. Studies on the
nonequilibrium effects as an extended system including
hydrogen compounds have also appeared in the recent
literature (Wallace, 1962; Hunt, 1966: Leovy, 1966).

The disagreement found in the number densities of
atomic oxygen and ozone between the present work and
others is largely attributed to the fact that the values
of J; and J; used by various authors are substantially
different since the accurate values are not well estab-
lished. However, owing to the many recent critical

studies on the revelant reaction rate constants and
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mechanisms, the values of the rate coefficients ki,
k.., and k,; adopted in the study of atmospheric che-
mical reactions are fairly consistent among investig-
ators, At present accurate J, and J, are highly desi-
rable; improvements for the accuracy of these constants
mainly depend on the precise measurement of the
energy distribution of the solar spectrum.

In Table 2 are listed the values of the reaction
rate constants employed by several authors for the
calculation of the photochemical equilibrium densities
of atomic oxygen and ozone. A comparison is also
made, in Table 3,
ozone distribution for the 24-hour period with other
and the

values listed in this table are estimated from data

for the time variation of the
calculated results appeared in literatures,

reported in the literatures.

The calculations in this paper were performed for
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TABLE 2. Reaction Rate Constants

Hessvedt (1965) Hunt (1966) Leovy(1964) Present work
by 1.6x 107347172 2.7x107% 2.7x10-% 5. 0X 1073472
k1 6.4x10738T1/2 5x107*°exp(1000/RT) 1.2x107% 7. 5% 10~ %exp(890/RT)
ks 4.2X10°1T? 5x 10 "exp(—5600/RT) 1.5%x10 exp(—3025/T) Averaged Formula

given in Sect. II

TABLE 3. Comparison of the Diurnal Variation of Ozone Concentrations (Molecules, cc™V)

Altitude 06 : 00

12: 00

18: 00 24 : 00

(km) Sunrise 08 : 00 Noon 16 : 00 Sunset 20: 00 Midnight 04: 00
Hunt(1965) 48 4.4x10" 4.2x10" 4.0x10" 4.1x10" 4.6x10" 4.6x10"° 4.6x10" 4.6x10"
Leovy(1964) 49 5.2x10" 4.6x10"° 4.5x10" 4.7x10" 5.1x10" 55x10"° 5.8x10° 5 8x10"
Present work 50 2.9x10" 2.8x10" 2.8x10" 2.8x10" 2.8x10" 3.0x10' 3.0x10* 3.0x10%
Hunt 58.75 2.0x10" 7.7x10° 1.1x10" 9.5x10° 1.5X10 2.4x10° 2.4x10"° 2.4x10%
Leovy 61 2.1x10"* 7.0x10° 8.0x10" 87x10° 1.3x10" 3.5x10"° 3.6x10* 3.6x10"
Present work 60 2.0x10" 1.2x10" 1.2x10" 1.2x10% 1.2x10' 2.2x10" 2.2x10% 2.2%x10"
Hunt 68.75 1.5x10" 1.4x10° 2.6x10° 3.3x10° 4.4x10° 5.1x10" 5.1x10" 5.1x10"
Leovy 67 1.0X10° 2.5x10° 3.8x10° 4.2x10° 4.6x10° 5.5x10° 5.8x10" 5. 8x10%
Present work 70 3.6x10" 3.6x10" 3.4x10"0 3.6x10"™ 3.8x10™ 3.7x10" 3.9x10" 3.9x10"

the condition that the sun is at the overhead position,
the zenith angle being zero for the daytime variation.
This simplified assumption leads to the results that
the photodissociation rates deviate from the real values
most widely at sunrise and sunset, thus introducing
more uncertainty in the dissociation rate constants.
Discussions of the perturbation in photodissociation
rates due to sun position and to other factors are
referred to in the literature (Leovy, 1966; Craig,
1965).
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