
V O L . 13. N O . 5 R E V I E W S O F G E O P H Y S I C S A N D S P A C E P H Y S I C S N O V E M B E R 1975 

Slratospher ic Ozone: An Int roduct ion to Its Study 

M A R C E L N I C O L E T 

Aeronomy Instiluie, Brussels, Belgium 
Ionosphère Research Lahoraiory, The Pemsylvania Stale University, Vniversily Park. Pennsylvania I6H02 

An analysis is m a d e of the varions reactions in which ozone and a tomic oxygen are involved in the 
s t ra tosphère . At the présent time, hydrogen. ni trogen. and chlorine c o m p o u n d s in the ranges par t s per 
million, par ts per billion, and parts per Irillion may have significant chemical effects. In the upper 
s t ra tosphère , above the ozone peak. where there is no s lrong depa r tu re f rom photochemical equi l ibr ium 
condi t ions , the action of hydroxyl arid hydroperoxyl radicals of nitrogen dioxide and chlorine m o n o x i d e 
on a tomic oxygen and of a tomic chlorine on ozone can be int roduced. A précise déterminat ion of their ex
act effects requires Knowledge of (1) the vertical distr ibution of the H j O . C H , . and H j dissociat ion by 
reaction of thèse molécules with electronically excited oxygen atom O C f ) : (2) the ratio of the O H and 
H O j concent ra t ions and their absolute values, which dépend on insufficiently known rate coefficients: (3) 
the various origins of nitric oxide product ion , with their vertical d is t r ibut ions relaled to la t i tude and 
season; and (4) the various sources giving différent chlorine c o m p o u n d s lhat may be dissociated in the 
s t ra tosphère . In the lower s t ra tosphère , below the ozone peak. there is no impor tan t pho tochemica l 
p roduct ion of Oj , but there exist various possibilities of t ranspor t . The prediclabili ty of the act ion of 
chemical react ions dépends strongly on impor tan t interact ions between O H and H O j radicals with C O 
and N O . respectively. which affect the rat io n(OH)/n(\\Oi) at the t ropopause level; between O H and N O j . 
which lead to the fo rmat ion of nitric acid with its downward t ranspor t toward the t roposphère ; between 
N O and HO2. which lead to NO? and its subséquent photodissociat ion; between CIO and N O . which also 
lead to N O j and become more impor tan t than the reaction of CIO with O; and between Cl and var ious 
molécules, such as C H . and Hj , which lead to HCl with its downward t ranspor t toward the t roposphère . 
Ail thèse chemical processes are subjeci to many changes since they occur in the lower s t ra tosphère where 
seasonal . la t i ludinal , and even daytoday variations of the ozone concent ra t ions are observed in associa
tion with advective and dynamic t ranspor ts , which dépend on meteorological condi t ions as indicated by 
var ia t ions of t r opopause heights. 
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H i S T O R I C A L i N T R O D t j C T i O N 

The aeronomy and meleoroiogy of almospheric ozone have 
been studied by many scientisls since the suggestion made by 
Schonbein [1840a, b] of the existence of an almospheric con
stituent having a particuiar odor (from Greek ozein, to smell), 
its exact origin deduced by da la Rice [1845] from an electrical 
discharge through pure oxygen. Ozone was chemically proved 
to exist in the troposphère, at ground level, by Houzeau [1858]. 
Its first clear spectroscopic détection related to the atmosphère 
was made by Chappuis [1880, 1882] in the visible part of the 
spectrum (Chappuis bands). However, during the same 
period, Hanley (1881a] detected in the laboratory the strong 
ultraviolet absorption spectrum of ozone (Hartley band) 
below 300 nm. At the same time, he identified [Hartley, 1881ft] 
the almospheric limil of the solar spectrum detected by Cornu 
[1879]. The principal conclusion reached by Hartley [1881i] 
was that ozone is a normal constituent of the higher at
mosphère, being in larger proport ion there than near the 
earth's surface, and its quantity is quite sufficient to acco, 
for the ultraviolet limitation of the solar spectrum at 
level. As far as the Huggins bands (X > 300 nm) are con. 
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they were detected by Huggins and Huggins [1890] as a new 
group of lines in the photographie spectrum of Sirius and tinal
ly identified by Fou ler and Strun [1917] as absorption bands of 
almospheric ozone. 

The first quantitative analysis of almospheric ozone was 
made by Fahry and Buisson [1913, 1921a, b] by a study of ihe 
ultraviolet absorption in the Hartley and Huggins bands, 
leading to the détermination of absolute values of the total al
mospheric content. But the ozone problem in its gênera! 
aspects was really developed after the first world war, as can be 
seen from the publication by Fahry [1929] of 27 papers 
presented al a meeting in Paris at which, as a resuit of his 
observat ional work , Dobson had in t roduced the real 
meteorological significance of atmospheric ozone [Dobson and 
Harrison. 1926, 1927; Dobson et ai. 1929; Dobson. 1930). At 
the same meeting, Chalonge and Gôtz [1929] had shown that 
their daytime and nighttime observations by a spectroscopic 
method did not detect any variation in the total content of at
mospheric ozone. The first theoretical approach was also given 
at this Paris conférence (May 1929) on atmospheric ozone by 
Chapman [1930], who had introduced the first aeronomic 
analysis of the ozone problem. However, in 1930, it was not 
yet possible to reach a gênerai understanding, since the ozone 
peak was misplaced at an average height of about 45 km. A 
detailed analysis of the main known facts regarding «at
mospheric ozone at that time is given by Fabry and Buisson 
[1930] and Gôi: [1931]. 

The first measurements of the vertical distribution of 
stratospheric ozone were obtained by an indirect method in
troduced by Gôtz in 1929 [Dobson. 1968] during his various 

servations al Spitzbergen. Il is called the Umkehr method 
was further developed by Gôtz et al. [1934]. The principal 
its showed that the average height of the ozone layer is 

ift/of the order of 25 km and that the main changes in ozone 
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content appear to be centered between 10 and 20 km, a fact-of 

real meteorological significance. The literature on the subject 
can be found in a summary published by Gôtz [1938], and 
complète accounts of the important advances in the ex-
périmental and theoretical aspects of atmospheric ozone are 
given [Craig. 1950] for the period before direct soundings 
made with optical instruments were introduced [Kulcke and 

Paeizold. 1957; Vassy, 1958] and for the présent using 
Chemical sondes [Regener, 1960; Brewer and Milford, i960]. 
Since 1965, the use of chemical instruments has been the basis 
for the fîrst analysis of méridional cross sections of the vertical 
ozone distribution [Griggs, 1966; Dutsch. 1969, 1971]. 

Today the rocket observations [Knteger, 1973], and par-
ticularly the continous survey of the stratospheric ozone field 
by satellites [Prabhakara et al.. 1973; Heath et al., 1973; 

Krueger et al.. 1973], are leading to the possibility of an 

analysis on a planetary scale. However, when a detailed study 

of the ozone exchange between the s t ra tosphère and 
troposphère is required, particularly in the région of the jet 

stream where the most significant exchanges of air take place, 
it is still necessary to dérive information from a synoptic 

analysis, as was donc by Piaget [1969, 1971]. A great amount 

of effort is still needed to understand the atmospheric move-

ments in the neighborhood of the tropopause. 

Stratospheric ozone is therefore of real meteorological and 

aeronomic significance as a resuit of the work which was ac-
complished during the last 50 ycars. 

The photochemical theory put forward by Chapman [1930, 
1943] was first developed for a pure oxygen atmosphère 

[Mecke, 1931; Wulfand Deming. 1936a, 6, mi\ Dûtsch. 1946; 
Craig. 1950] and therefore was greatly idealized. However, 25 
years ago, vibrational rotational bands of the hydroxyl radical 

O H , which were identified in the airglow, [Meinet, 1950], 

aroused interest in the photochemistry of hydrogen-oxygen 
compounds [Baies and Nicolet. 1950a; Herzberg, 1951] and in 

particular of méthane [Bâtes and Nicolet, 19506] and of water 

vapor [Bâtes and Nicolet, 1950c]. The photochemistry of at-

mospheric water vapor, leading to the action of hydroxyl and 

hydroperoxyl radicals on the ozone distribution, was studied 
in considérable détail by Bâtes and Nicolet [1950c]. In 1950, 

the analysis was difficult because of the grievous lack of 

reliable basic data, and the study was limited only to the 

mésosphère and lower thermosphère, where the photodissocia-

tion of water vapor and méthane occur. But the study of the 

possible action of hydrogen compounds in the stratosphère 

became possible when the reaction of H j O with the 
electronically excited atomic oxygen in the 'D state was in-

dicated as a dissociation process by Cadle [1964] and Hampson 

[1964]. The concentrations of 0( 'Z)) produced by ozone 
photolysis in the stratosphère (and troposphère) are suffi-
ciently large to lead to OH radicals, not only from water vapor 

but also from methans^and molecular hydrogen [Nicolet, 

1970a]. However, the application to the stratosphère, with 

numerical rate coefficients for réactions of O j with O H and 
H O j [Hampson. 1966; Hunt. 1966; Dûtsch. 1968; Hesstvedt. 

1968; Leooy. 1969; Crutzen, 1969], has been difficult to accept 

because of the uncertainty of the arbitrarily assumed values of 
the principal parameters , part icularly in the lower 
stratosphère. Only very récent laboratory measurements in-
dicate that the hydrogen compounds cannot explain the ozone 
behavior below the stratopause ( ^ 4 0 km), and it has been 
proposed by Crutzen [1970] and emphasized by Johnston 

[1971] that oxides of nitrogen can play a leading rôle in the 
stratospheric ozone distribution. Subséquent work [Johnston. 

1972, 1974; Johnston and iVhitten. 1973; Nicolet, 1971, 1972, 

1974; Crutzen. 1971, 1973, 1974a; Dûtsch. 1973; McElroy et ai. 

1974; Wojsy and McElroy, 1974] has led to the conclusion that 
N O j is a dominant odd oxygen destroyer, at least above the 
ozone peak. 

Finally, stratospheric chlorine (see article by Ryan and 

Mukheiyee [1975] in this volume for a description of sources of 
stratospheric gaseous chlorine) has been introduced by 
Stolarski and Cicérone [1974] as a possible sink for ozone. 
After some hésitation [Crutzen, 1974a; Wofsy and McElroy. 

1974] its rôle has been recognized [Clyne and Watson. 1974; 
Cicérone et al.. 1974, 19756; Crutzen, 19746; Wofsy et ai. 

1975a] since its possible action has been demonstrated in 

various papers by Molina and Rowland[\91Aa, b] and Rowland 

and Molina [1975] in which the effect of indust r ia l 

cho i ro f luoromethanes and of t ropospher ic ca rbon 

tetrachloride was introduced. Ultimately, the action of natural 
methyl chloride [Looelock. 1975] with relative concentrations 
of the order of 10"' should lead, at the présent time. to the 

most important stratospheric chlorine source. 

In fact, since ail halogens (bromine, fluorine, chlorine, and 
iodine) act as catalysts in the ozone destruction processes, 

their aeronomic properties should be considered with their 

natural and industrial sources when ail expérimental rate 

coefficients, which are needed, are determined with accuracy. 

Attention has been focused recently on atmospheric bromine 
by Wofsy et al. [19756]. 

O Z O N E F O R M A T I O N A N D D E S T R U C T I O N 

In order to describe the stratospheric problems of ozone for-

mation and destruction, it is necessary to consider the various 
reactions in a certain order. The first step is to introduce the 

reactions in a pure oxygen atmosphère, as given by Chapman 

[1930, 1943], without horizontal or vertical transfer of ozone. 

The second step is the introduction of hydrogen compounds 

into the photochemical treatment of the ozone problem, as 
was done by Bâtes and Nicolet [1950c], with the effect of the 
electronically excited atomic oxygen in the '£) state as in-

troduced in the stratosphère by Hampson [1964]. The action of 
nitrogen oxides on ozone introduced by Crutzen [1970] will be 

studied by considering the various reactions that are involved 

in the stratosphère [Nicolet, 1965a, 1971; Crutzen, 1971; 

Johnston, 1971]. The problem of méthane oxidation requires 

spécial attention in the lower stratosphère; the various reac-

tions must be considered in détail [Levy, 1971, 1972, 1973; Me-

Connell et al.. 1971; Wofsy et ai. 1972; Nicolet and Peetermans. 

1973]. Finally, the rôle of chlorine compounds must be dis-
cussed [Clyne and Walson. 1974; Watson. 1974; Molina and 

Rowland. 1975] in order to détermine the rôle of the CIO, cycle 

in depleting stratospheric ozone. It should be noted that the 
détails on ail reactions have been distributed over several years 
by^ the Chemical Kinetics Information Center, National 
Bureau of Standards [e.g., Garvin and Hampson. 1974; 
Hampson and Garvin, 1975] and will be published in a 
monograph of the Climatic Impact Assessment Program 
(Department of Transportat ion, Washington, D. C ) . 

R E A C T I O N S IN A P U R E O X Y G E N S T R A T O S P H è R E 

When dissociation of molecular oxygen occurs the oxygen 
atoms liberated by photodissociation may recombine in the 
présence of a third body (N,, Oj): 

(^,) O -H O -h M O, -(- M + 118 kcal ( l a ) 

A récent laboratory analysis [Campbell and Gray. 1973] at 196 
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and 298 K leads to a rate coefficient 

A, = 4.7 X 1 0 - " (300/7")= cm ' s" (1*) 

However. this reaction, which plays a rôle in the mésosphère, 

can be neglected in the stratosphère, since oxygen a toms unité 

with oxygen molécules to form ozone by 

O + Os + M - O3 + M + 24 kcal {2a) 

for which the rate coefficient, which has been measured wrth 

good précision by Huie et al. [1972] between 200 and 346 K, is 

A, = 1.1 X 10- ^n(Os, N2) cm ' s- ( 2 * ) 

Ozone molécules are destroyed by a two-body collision 

process 

(A3) O + Os - 2O2 + 94 kcal (3a) 

Récent measurements over the tempéra ture range 200-300 K 

by Krezenski et al. [1971], over the tempéra ture range 269-409 

K by McCnimb and Kaufman [1972], and between 220 and 

1000 K [Davis et ai. l^lid] lead to a value which is not too 

différent f rom 

A3 = X I O - " é . - " 5 ' " ' " c m ' s - (36) 

Therefore by using [Ib) and (36). the ratio A2/A3, which 

plays an important rôle in the equilibrium équation of 

stratospheric ozone, can be written as 

kt/k, = lO-^e^»»""' cm ' (4) 

If ̂ 2 and J3 are the photodissociat ion coefficients of O2 and 

O3, respectively, the équat ions governing the rates of change of 

the concentrat ion of ozone and a tomic oxygen, «(Os) and 

^(O), are 

[dn{.0)/dt] + 2kMM)n'{0) + k^(M)n{Oi)n{0) 

+ kMO,)n(0) = 2n(0,)J, + « ( 0 , ) ^ (5) 

and 

ldn{0,)/dt] + n{0,)J, + kMO)n{0,) = kMM)n{0,)n(0) (6) 

which lead to 

dn(0) ^ d n ^ ^ 2kMMW(.0) + Ik^OMO) 
dt dt 

= 2 / 1 ( 0 2 ) / 2 (7) 

In the stratosphère, reaction ( I ) takes place very slowly and 

can be omi t t ed in ail p h o t o c h e m i c a l discussions of 

s tratospheric ozone. Fur thermore , a tomic oxygen is aiways in 

photochemical equilibrium with ozone, Therefore the rate 

of change of «(Os) in a pure oxygen stratosphère becomes 

dn(0,) 

dt + 
2k, J, 

kMMMO^) 
(8) 

Introducing the time 7 , ( 0 3 ) necessary to attain 50% (or to 

reach 80% from 50%) of the photochemical abundance « . ( O 3 ) , 

we obtain 

T„ (03 ) = 0.275«.(O,)/n(O2)J2 (9) 

With numerical values it can be shown [Nicolet, 1974] (Figure 

1 ) that photochemical equil ibrium can be adopted for «(Os) at 

the s tratopause. F rom (8), the équat ion 

n.\0>) = (kJk,)n{M)n\0^)(JJJ,) (10) 

represents photochemical equil ibrium condit ions in the upper 

0, EQUILIBRIUM I IME SCALEIsecl 

Fig. I, Equi l ibr ium t ime scales for ozone in a pure oxygen al-
mosphere; less than 1 day above 45 km, more than I year belo» 
25 km for day t ime condi t ions . 

Stratosphère for a pure oxygen atmosphère . From this 

preliminary analysis it can be concluded that there are impor-

tant différences between the upper and lower s tratosphères. Al 

and immediately below the s tratopause the time required to 

reach photochemical condit ions is less than one day; at 20 km 

with an equil ibrium time of several years, a complète depar-

ture from photochemical equilibrium condit ions, and even 

from steady state condi t ions that include a t ransport term. 

must be considered. Nevertheless, it is not possible lo reach an 

agreement between the calculated values under photo-

equilibrium condit ions, even at the s t ratopause, and the 

observed values [Krueger. 1973] when the ozone problem is 

considered in a pure oxygen atmosphère. It can be shown 

[Nicolet. 1974] (Figure 2) that the observed concentra t ions are 

less than the calculated values and that there is no possibility 

to modify the numerical parameters: A:2 and k, are well-known. 

«(M ) and «(O2) are a tmospheric concentrat ions. cannot be 

wrong by more than 30%, and J, is sufficiently well-known An 

aeronomic possibility is that the increase of the effective value 

of is due to various actions of HO,, NO, , and CIO, 

R E A C T I O N S IN A H Y D R O G E N - O X Y G E N A T M O S P H è R E 

A hydrogen-oxygen a tmosphère seems to be very com-

plicated [Bâtes and Nicolet, 1950c]. However. when an analysis 

of the various reaction rates is made, a certain number of them 

can be ignored, and for several years it was assumed [e.g.. 

10 10 10 10 

OZONE CONCENTRATION Icm-^l 

Fig. 2. Observed and calculated ozone profiles. Calcula t ion for 
photoequi l ibr ium condi t ions al various solar zénith angles x . sec x ~ 
1, 2, 4, and 6. Range in ozone observat ions of 24 rocket flights between 
58°S and 64°N by Krueger [1973]. 
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Hunt. 1966; Leovy. 1969] that the reactions of O H and HO2 

radicals with O and O j were the essential reactions explaining 
the aeronomic behavior of stratospheric ozone. 

The reactions involving only a single hydrogen atom (free or 
combined) and one of the allotropie forms of oxygen are as 
follows: A three-body reaction involving atomic hydrogen 
leads to a hydroperoxyl radical: 

(fl,) H + O, + M HO, + M + 46 kcal (1 la) 

which bas the rate coefficient 

a , = 2.1 X \0-^é^ir (11^) 

corresponding to an average value of two laboratory déter-
minations [Kurylo. 1972; Wong and Davis, 1974; Davis. 1974]. 

At the stratopause and in the upper part of the stratosphère 

the reaction of H with O, cannot be neglected: 

(a,) H + O, - O j + 0\i, ^ fljjl + 77 kcal (12a) 

A new value for the rate coefficient haS recently bcen deduced 

(M. A. A. Clyne and P. B. Monkhouse, private communica-
tion, 1975); it is 

0, = 1.2 X lO-'V-""' '^ cm ' s - ' (126) 

leading to 1.5 X 1 0 ' " cm' s" ' at the stratopause. 

The production of hydroperoxyl radicals by 

(a ,) H -I- O, - O + HO, -(- 22 kcal (13) 

with a rate coefficient a, that bas not been measured, and by a 
tbree-body association process 

(a.) O H -I- O -(- M M = HO, -I- 63 kcal (14) 

with a conventional value of the three-body rate coefficient a,, 
is neglected in comparison with that of reaction (11). 

An important reaction in the mésosphère and in the upper 

stratosphère is the bimolecular process 

(a.) OH -h O ^ H H- O, -h 17 kcal (15a) 

Laboratory data [Clyne and Thrush, 1963; Kaufman, 1964, 

1969; Breen and Glass. 1970; Weslenberg et al.. 1970] indicate 

possible values between 2 and 7 X 10"" cm ' s" ' . A value such 

as 

a, = (4 ± 2) X 10 - " cm' s" ' (\Sb) 

may be considered as a working value with a possible error of 
±50?o. 

It is ciear that if tbe efTects of (15) are important in the 
mésosphère and at the stratopause, they become negligible in 

the lower stratosphère where other processes involving ozone 
can play a rôle. The chain reaction involving hydroxyl radicals 
and ozone introduced by McGrath and Norrish [1958], which 

has been used and rejected several times due to the lack or im-
précision of expérimental data, can now be considered, since 

suffîciently précise values of tbe rate coefficients have been ob-
tained. 

Tbe reactions 

(a,) OH -I- O, HO, + O, -H 39 kcal (16a) 

and 

( a , J HO, + O, OH -I- 20 , -I- 31 kcal (166) 

must be finally considered. Very récent measurements have 
been reported [Anderson and Kaufman. 1973; DeMore. 1973; 

Simonaitis and Heicklen. 1973a; Davis. 1974] for a,. A value 

such as 

a , = 1.6 X lO- 'V '»" '̂  cm' s ' (16f) 

leads to 5.5 X 10"" cm' s"' at room température [Anderson 

and Kaufman. 1973] and to 1-2 X lO"'* cm' s"' at températures 
of the lower stratosphère. Such values are less (by more than a 
factor of 10) than the values which were used during several 
years in the aeronomic study of the lower stratosphère. The 
rate coefficient of (166) is not yet précise; however. it is possi-
ble to deduce a working value, and 

au = \ y- 10-"é--'"""" cm' s ' (\bd) 

may be considered as an acceptable average value between the 
values obtained by Simonaitis and Heicklen [1973<r] and 
DeMore and Tschuikow-Roux [1974]. Such a value of the rate 
coefficient leads to 3 X 10"" cm' s"' in the lower stratosphère, 

i.e., a very low value. 
The principal reaction leading to OH in the upper 

stratosphère involves atomic oxygen [Kaufman. 1964], for 

which there is no laboratory measurement: 

(a,) O + HO, ^O, + OH„<, + 55 kcal (17a) 

Reactions (15) and (17) must be compared since they represeni 
at the stratopause level the chain reaction which is involved m 

the ozone-destroying mechanism through the direct attack of 
oxygen atoms and reformation of oxygen molécules. There is 

no way to substantiate any value of the rate coefficient between 

I and 7 X 10 " cm ' s"', and we write 

a , = 1-7 X I 0 - " cm' s ' (176) 

even if expérimental results [Hochanadel et al.. 1972] bave been 
simulated using the highest value. It must be pointed out here 

that expérimental data are urgently needed in order to déter-
mine the exact ratio as/a,, which must be known in order to 
calculate precisely the effect of thèse radicals on the ozone con-
centration at the stratopause level. 

In addition to thèse various collision processes, the pos-

sibility of photodissociation of the hydroxyl and hydroperoxyl 

radicals may be considered: 

(a,) OH + hf + H (18) 

Such a reaction will be ignored (a, = 0) even if there is a pos-

sibility of a dissociation owing to the predissociation of tbe 

A'I* State for levels v' > 0. 
The absorption of HO, has been observed [Hochanadel et 

al.. 1972; Paukert and Johnston. 1972] and should lead to 

(a.) HO, + ^ OH + O (19) 

It is certain that the photodissociation process (19) is less im-
portant than reaction (17) in the upper stratosphère. 

As for the photodissociation process 

(a,o) HO, + hv + O2 (20) 

in which tbe bonds between H and O atoms are difficult le 

break, it can be ignored, and a,o = 0. 
Expressions for the equilibrium ratios of n(OH)/n(\\) and 

n (HO, ) /n (H) (Figure 3) can be easily obtained for the 
stratopause level and the upper stratosphère, since only a 
limited number of reactions is involved. Thus 

w(OH) _ a , / i ( M ) n ( 0 , ) + a ,n (03) 

n ( H ) a , « ( 0 ) ^ ^ ' ^ 
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and 

n ( H ) aMO) 

n(OH) ^ atn(M)n(0,) + aMOz) £7 

(22) 

(23) 

The conventional équation (10) for equilibrium conditions 
at the stratopause for a pure oxygen atmosphère becomes, in a 
hydrogen-oxygen atmosphère. 

" ' ( O 3 ) = r " ( M ) / i ' ( 0 , ) 
m + A) 

with the correction term 

A = 

(24) 

(25) 

The correction term (25) shows clearly that it is difficult to 

make an exact numerical application of the effect of hydroxyl 

and hydroperoxyl radicals on the ozone concentration in the 

upper stratosphère and lower mésosphère. Al! applications 
which have been made lead to equivocal déductions. The only 

possible conclusion is that a controlting effect by the hydroxyl 
and hydroperoxyl radicals on the ozone concentration at the 

stratopause level requires that their concentrations be of the 
order of 10' cm" ' . 

In the lower stratosphère, the conventional équation (8) 
must be replaced by 

dt 

(26) 

where the term 2k,n{0)is very small. In a hydrogen-oxygen at-

mosphère the ratio / i ( 0 H ) / « ( H 0 2 ) in the lower stratosphère 

would be 

n ( O H ) _ a jç ^ (3 d : 1) X 1 0 ' " ^ J _ 

n ( H O j ) a» (1 .5 ± 0 .5) X 10" '* 50 
(27) 

at a température of the order of 210 ± 10 K. 

With a negligible production of ozone at this level (with no 
transport involved), a réduction in 2 months of the ozone 

concentration to 50% of its initial value requires at least 5 X 

10" OH molécules cm ' or 3 X 10" HO2 molécules cm" ' . A 
spécial study is required, therefore, to détermine with précision 

the various processes involved, including the simultaneous 
production in the lower stratosphère of O H and H O j radicals. 

their related reactions, and their final destruction. 

The production of hydroxyl radicals in the stratosphère 

must resuit fîrst f rom a dissociation process of water vapor. 

� 0 o . 

OH. "6-
. 0 , -

\ 

Fig. 3. Reaction scheme of H, O H , and H O , showing their intercon-
nection at the stratopausc. 

The photodissociation of HjO which leads to 

( a„ ) HjO + hv - H j + OCD) (28) 

is a mesospheric process above 70 km due to the eflfect ot solar 
Lyman a at 121.6 nm. If an effect on H j O caused by oxygen 
atoms in their normal state 'P has not been detected because 
the reaction was endothermic, an important process will occur 
with oxygen atoms in their first excited state. 'D \Englemi2n 

1965]; 

(a, ,) Oi'D) + H,0 - O H + OH*(v < 2) + 29 kcal (29a) 

for which a reiatively précise value can be adopted 

û,2 = a ,2* = 3 X 10 '° cm ' s ' (29è) 

if we adopt the most récent expérimental values [Heidner et ai 

1973; Cveianovic. 1974]. With theO( 'Z)) concentrations which 

exist in the stratosphère there is permanent (daytime) produc-
tion of OH radicals. 

However, unpublished measurements (H. I SchifT. private 

communication, 1975) indicate that a,2* is only of the order ot 
2 X 10"'" cm' s ' at room température and has a négative 

activation energy leading to about 

a,2* = 8 X \o-"e""'^ c m ' s ' (29f) 

The normal photodissociation process 

(a,3) H2O + hv � neS) + OH{Xm) (30) 

which can still occur in the stratosphère, is less important than 
the reaction process (29). 

Finally, when dissociation of water vapor proceeds through 
(29), its re-formation may occur through 

(ûu) H + OH + M - H2O M + 118 kcal (31 ) 

which can be neglected, as contrasted with the treatment in 
other possible aeronomic processes, such as a „ and a„ 

The reaction of hydrogen atoms and hydroperoxyl radicals 
leads to two hydroxyl radicals; 

H + HO2 - O H + 0 H „ , / + 39 kcal (32i 

This reaction has been observed [Cashion and Polanvi I959|. 

but it is not yet possible to find a précise value for its rate 

coefficient. A review by Lloyd [1974] and a discussion b\ 

Kaujman [1974] on rate coefficients a^. a^, and a23 and their 

ratios indicate the difficull^in adopting correct values 

The reaction between two hydroxyl radicals leads to the re-

formation of water vapor; 

( Û l . ) OH + O H - H2O + O + 17 kcal (33a) 

If récent laboratory measurements [Westenberg and de 

Haas, 1973a; Trainor and von Rosenberg, 1974a; Clyne and 

Down, 1974] are considered, T = 300 K. the following value 
is adopted: 

2 X 10-'^ cm ' s- (33/) 1 

In addition to the two-body process (33), the three-body as-
sociation 

(a KM) OH -H O H + M - H j O j + M (33f) 

must be introduced with the rate coefficient [Trainor and von 
Rosenberg, 1974a] 

2.5 X IO-"n(M) c m ' s" (33rf) 

file:///Englemi2n
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In the same way, the reaction between hydroxyl and 
hydroperoxyi radicals leads to HjO: 

tu,7) OH + H O j - H jO + O j + 72 iccai (34) 

Laboratory results by Hochanadel ei al. [1972] lead to a very 
high value of the rate coefficient 

a „ = 2 X 10-'° cm' s ' (35) 

This value should be acceptable, since another analysis 

[DeMore and Tschuikow-Roux. 1974] results in 1.6 X 10"'". 

believed to be accurate to within a faclor of 3. Under thèse 

condit ions the reaction between OH and HO2 becomes the 

mosi important cause of re-formation of water vapor in the 

stratosphère. However. if a much lower value is used. as was 

suggested by Kaujman [1974] and given by Hack et al. [1975]. 

the détermination of the O H + HO2 concentrat ion remains an 

unresolved problem. 

Other reactions can lead to the formation of H2O, but they 

are not as important in the stratosphère as the reactions that 

lead to its re-formation. The three-body association 

Hj + O + M - H , 0 + 116 kcal (36) 

should have a small rate coefficient, since it is spin-forbidden 

when normal oxygen a toms are involved and is therefore 

neglected. 

The exothermic reaction between H, and OH 

Hj + OH ^ H , 0 + H + 15 kcal (37û) 

requires a relatively high activation energy [Greiner, 1969]. A 

récent laboratory measurement [Smith and Zellner, 1974] 

between 210 and 410 K results in 

= 1.8 X 10- cm" s (376) 

This reaction may be introduced into the aeronomic chemistry 

of molecular hydrogen. 

Finally, in addit ion to (32), the reaction between hydrogen 

a toms and hydroperoxyi radicals may lead to the re-formation 

of H2O: 

(020) H + HO2 - H2O + 0 + 55 kcal (38) 

The rate coefficient «20 should be of the same order of 

magni tude as 13,5, but no acceptable value has been found. This 

réaction is neglected in the formation of stratospheric water 

vapor but is related to the formation of H2 (see (023) ) . 

.According to the preceding anafysis of the dissociation and 

re-formation of the water vapor in the stratosphère, it is clear 

that the dissociation of water vapor leads to the foilowing 

équat ion for equilibrium in a pure oxygen-hydrogen at-

mosphère: 

n ( H , 0 ) a * n ( 0 * ) = Û2o / i(H)n(HOj) 

+ n ( O H ) [ a . 6« ( O H ) + « . ^ « ( H O j ) + «.««(H^)] (39û) 

This équat ion corresponds, in the first approximat ion, to 

n(Hj0)a ,2*r t (0*) = a „ « ( H 0 2 ) / j ( 0 H ) (396) 

where n(0*) is the concentrat ion of excited oxygen atoms. 

However , we must take into account the effect of Hj and CHi 

in the production of OH radicals and also the reaction proc-

esses resulting from the présence of H,Oj , C H , , and H N O j . 

T h e final équation will be 

« ( O H ) fl,6«(OH) + flnnCHOj) + a^^niHM 

= a . * « ( 0 * ) 

+ ci^ ^ ' ^ ) « ( C H 4 ) + 6 2 : « ( H N O . ) j 

« ( C H j ] « ( H 2 O ) + « ( H 2 ) - f 
1 -h X 

(40) 

T o obtain this équation it is necessary to study the reactions 

involving nitrogen oxides and méthane. But, in the discussion 

concerning the more important reactions of hydroxyl and 

hydroperoxyi radicals the reactions involvinp HOj and H, 

must be considered. 

Molecular hydrogen. which is a permanent constituent ol 

the t roposphère (0.5 ppm). cannot be completely neglected in 

the stratosphère, and its observation may lead 10 the under 

standing of stratospheric aeronomic process. It is formed b\ a 

three-body association of two hydrogen atoms 

(«21) H + H + M - H, + M + 103 kcal (41 

which can be neglected. as is not the case with bimolecular 

processes, 

The reaction 

(022) H -I- OH - H2 + O + 2 kcal (42a 1 

requires a high activation energy [Baulch et al . \912\ 

022 = 1.4 X IO 'Té- cm ' s ' l42/)i 

In fact. a more important mode of molecular hydrogen forma 

tion occurs through the reaction of hydrogen atoms with 

hydroperoxyi radicals 

(«2: H + HO2 H, + O, + 57 kcal (43) 

for which a précise coefficient is not available This reaction, 

which occurs with and ûJO. has an important rôle m the 

mésosphère; it can produce molecular hydrogen. which ma> be 

t ransported downward into the stratosphère. 

The destruction process 

(02*) H2 + O - O H -H H 2 kcal l44a) 

which is endothermic by about 1.9 kcal. cannot be neglected 

above 100 km, where the température is relatively high. Its rate 

coefficient recommended by Baulch et al [1972] is 

0 2 . = 3.0 X 10 "Te "™ cm' s (446i 

In fact the process which at tacks molecular hydrogen m the 

s t ra tosphère is the reaction 

(O24*) Hj + Oi'D) . H + OH*(i.' < 4) + 44 kcal (44( 1 

with a rate coefficient that is assumed to be equal (for the pur 

pose of aeronomic calculations in the stratosphère) to 0,2* 

[Cvetanovk. 1974; Heidner and Husain, 1973], i.e.. 

au 3 X 10-'° cm ' s ' (44c^) 

However. more récent measurements (H. I. Schiff. personal 

communica t ion , 1975) indicate that O24* is only aboui 

1.3 X 10" "' cm ' s" ' at room température and has an activation 

energy which leads to about 

024* = 5 X i o - ' ° e -»° cm ' s ' (44e) 

Thus 024* decreases with tempéra ture when o^* increases. 
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Considering the numerical values of the various coefficients, 

the C h e m i c a l condi t ions for moiecular hydrogen are written, to 

a good approx imat ion , as 

+ n(H,)[a,,*n(0*) + a „ n ( O H ) ] 

= « ( H ) « ( H 0 2 ) û „ (45) 

The H, destruction processes occur in the s t ra tosphère whiie 

H , p roduc t i on is pa r t i cu i a r ly i m p o r t a n t in the uppe r 

mésosphère. Since loss processes are very slow, the chemicai 

équation must be written 

at dz 

= n (H ) / ; (H02 )û j3 (46) 

where w is the diffusion velocity. St ra tospher ic dépends not 

only on its concent ra t ion in the t roposphère (the lower bound-

ury condi t ion) and upward vertical t ranspor t , but also on 

possible downward t ranspor t f rom the mésosphère, where 

there is a product ion source. Also, H j can be produced by 

reactions involving CH4, as will be shown in the analysis of 

stratospheric méthane . 

The photodissociat ion of moiecular hydrogen 

(an) Ht + hv^H + H 

does not occur below 100 km and is therefore neglected. 

Finally, var ious reactions with ni trogen oxides in which H, 

O H , and HO2 are involved, which can modify the picture of a 

hydrogen-oxygen a tmosphère , will be introduced in another 

section. However , a reaction such as 

(ûj .) H O , + N O - O H + N O j 

in the s t ra tosphère should be kept in mind before reaching any 

final conclusion; it will be considered as reaction ( i j , ) , équa-

tion (129). 

In the foregoing discussion, hydrogen peroxide was not con-

sidered, and its react ions were not listed. However, it is 

produced by a two-body process 

( a „ ) HO2 + H O j ^ H2O2 + O2 + 42 kcal (47a) 

with a rate coefficient which does not require a high activation 

energy [Foner and Hudson. 1962], Récent values of the rate 

coefficients at room tempéra tu re are 

a„ = (9.5 ± 0.8) X 10-'^ cm^ s" ' (47 i ) 

according to Hochanadel et al. [1972], or 

a„ = (3.6 ± 0.5) X 1 0 - " c m ' s " ' (47c) 

according to Paukeri and Johnston [1972]. More expérimental 

da ta are needed before the correct évaluation of the various 

effects of thèse impor tan t reactions can be obtained. 

The photodissocia t ion of H2O2 is known f rom laboratory 

measurements , and the essential process in the s t ra tosphère is 

(a„) H2O2 + hv ^ 2 0 H ( 4 8 ) 

The variat ion of the photodissocia t ion coefficient JH^, with 

the solar angle is part icuiarly impor tant in the lower 

stratosphère, where its value decreases to 10"' < ^H^I < 10"' 

s-'. 

The reaction with a tomic hydrogen leads to 

(a2M) H + H2O2 ^ H2O -(- O H -(- 69 kcal (49a) 

(02,,) H + H2O2 ^H, + H O , -H 14 kcal (496) 

Expérimental évidence [Klemm et al., 1975; Corse and Volman. 

1974] indicates that the rôle of (49) in the s t ra tosphère is no t 

impor tan t . But the reaction between a hydroxyl radical and 

hydrogen peroxide 

(û,„) O H + H2O2 - H , 0 + HO2 + 30 kcal (50a) 

is impor tan t , since its rate coefficient is of the order of I x 

1 0 " " c m " ' S"' at 298 K with an activation energy of the order 

of 1.2 kca l /mol . According to var ious l abora to ry dé termina-

tions [Greiner, 1968; Corse and Volman, 1972; Hack et al.. 

1975], the following value can be used 

a,o = 8 X 1 0 - ' V " " " c m ' s ' (506) 

and will resuit in a rate of about 5 X 10"" c m ' s ' in the lower 

s t ratosphère. Finally, the reaction between oxygen a toms and 

hydrogen peroxide molécules will be considered, since a tomic 

oxygen is an impor tan t minor const i tuent of the s t ra tosphère: 

(Oaia) O + H2O2 ^ H2O + O2 + 86 kcal (51a) 

(a,,,) O + H2O2 - O H + HO2 + 15 kcal (516) 

The total ra te coefficient obta ined in a récent publ icat ion 

[Davis et al.. 19746] is 

a „ = 2.75 X 1 0 - ' ^ e - " " " " c m ' s " ' (5 Ic ) 

leading to a value of about 1 X 1 0 " " c m ' s " ' in the lower 

s tratosphère, i.e., much smaller than (a») , which is the prin-

cipal s t ratospheric reaction with the photodissocia t ion process 

of HjO, . 

Expérimental évidence does not rule ou t 0 ( ' Z ) ) - H j O , reac-

t ions such as 

(fl,.*) 0 ( 'Z) ) -H H2O2 - . O H + O2 + 60 kcal (5W) 

with a rate coefficient of the order of lO ' ' " c m ' s " ' . However , 

like (�51a), it is a very slow loss process of hydrogen peroxide. 

Hydrogen peroxide could react with ni trogen oxides; for ex-

ample, 

(a,2) N O + H2O2 - HNO2 + O H -t- 11 kcal (52) 

This reaction is negligible (see reaction ( 6 , 0 ) ) like 

(a,,) NO2 + H2O2 - H N O , + O H -(- 4 kcal (53) 

which is not used in s t ra tospheric a e ronomy [Cray et ai, 

1972]. 

Various rapid reactions such as 

( a „ ) H + N O , - O H + N O + 30 kcal (54) 

can be neglected, since other reactions (hère H + O j — O H + 

O2) are aiways more impor tan t . However , two reactions with 

C a r b o n monoxide must be considered. The f i r s t 

( a „ ) HO2 + C O - CO2 + O H + 64 kcal (55) 

however, is wi thout importance, since a „ < lO ' ' " c m ' s " ' 

[Simonaitis and Heicklen, 19736; Davis et al., 1973c]. A s far as 

the reaction of C O with O H is concerned, 

(a,,) O H + C O - C O , + H + 24 kcal (56a) 

can play a rôle in the lower s t ra tosphère, since its ra te coeffi-

cient [Greiner, 1969; Smith and Zellner, 1973;- Westenberg anJ 

de Haas, 19736; Davis et al., 1973a; Trainor and von 

Rosenberg, 19746] is 
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OH 
"6c 

- . H , 0 , -

HO, 
" 3 0 " 

. N O -

Fig. 4. Partial réaction scheme of H, O H , and H O j indicat ing ihe 
complexily of their interactions, particularly in the lower s t ra tosphère . 

a„ = (1.25 ± 0.25) X 10"" c m ' s " ' (56b) 

in the lower stratosphère. The limiting value would be, ac-

cording lo Sie et al. [1975a], 

3.6 X IQ-" cm' s" (56c) 

If only important reactions (Figure 4) from a, to a » are con-

sidered with photoequil ibrium conditions, which can be ap-

plied to H and OH in the stratosphère, the impor tan t 

ratio A ! ( 0 H ) / n ( H 0 2 ) can be written; 

n ( H O j ) [ a « . / 7 ( 0 , ) + aMO) + a „ « ( 0 H ) 

+ 2 f l „ n ( H 0 j ) + a 2 , / j ( N 0 ) ] 

= n{OH)[a,n{0) + a,n{0,) + a „n (H, ) 

+ a , „ r t (H20, ) + a„n(CO)] ( 5 7 ) 

With the aim of illustrating the day equiiibrium represented 

by (57), two figures have been prepared. In Figure 5 the 

various percentages of the différent coefficients afTecting 

«(OH) are given [Nicolet, 1974]. In the upper t roposphère and 

lower s t ra tosphère the dominant path t ransforming OH to 

H HO2 is the reaction with CO. It is therefore necessary to 

k n o w the exact concentrat ion and vertical distribution of 

C a r b o n monoxide in the lower stratosphère. In the lower and 

middle stratosphère the reaction of OH with O3 plays the 

leading rôle. At the s tratopause and in the upper s tratosphère 

the reaction with atomic oxygen transforming OH to H + HOj 

becomes the principal process. The e f î e c t of H j and also of 

H 2 C O and C H , (not shown here) may be neglected, a l though 

they can play a rôle in the lower troposphère. 

As far as H O j is concerned, it can be seen in Figure 6 t h a t , in 

the lower stratosphère, the reactions with nitric oxide cannot 

be neglected. The exact rôle of NO dépends on the absolute 

value of the rate coefficient, which is not yet well-known, and 

also on the vertical distribution of its concentrat ion, which is 

extremely variable in the lower stratosphère, particularly when 

the variat ions of the t ropopause levé! are important . As for 

OH, the efTects of the reactions of HO2 with O3 and O occur in 

the middle and upper stratosphère, respectively. At 30 km, 

there is a simultaneous eflfect of about 30% of the reactions 

with OH, HOj, and O. Thus the main features of Figures 5 and 

6 correspond to the e f î e c t on O H and H O 2 of a tomic oxygen at 

the s t ra topause and in the upper stratosphère and to the effect 

of Oa in the middle stratosphère and also in the lower 

s tratosphère, where the action of carbon monoxide and nitric 

o x i d e becomes extremely important . The essential features of 

t h e rat io / j ( O H ) / « ( H O j ) a p p e a r very sensitive in the lower 

s tratosphère to the absolute values of the CO and NO con-

centrations, and the behavior of OH and HO,, which affects ail 

chemical processes below 20 km, requires an exact knowledge 

of their rate coefficients with nitrogen oxides. Thus équation 

(23) can be adopied as the upper boundary daytime condition 

al the stratopause level 

» ( 0 H ) _ a,n(M)n(02) + 0 2 ^ ( 0 3 ) a, 

In the lower stratosphère for daytime conditions, we have 

« ( O H ) a,MO^) + fl2„«(N0) 

(58) 

« ( H O j ) aMOi) + û 3 6 « ( œ ) 

and, for a low tropopause, 

« ( O H ) _ a26«(NO) 

« ( H O 2 ) ~ a36«(CO) 

(59) 

(60) 

Thus aeronomic behavior must be discussed with spécial at-

tention being given to the lower stratosphère in order to déter-

mine how ozone can be affected by the variation of the 

« ( 0 H ) / « ( H 0 2 ) ratio. The absolute values of the O H and H O j 

concentrat ions must be determined to establish quant i ta t ive 

effects (équation (26)). Before final conclusions can be 

reached, laboratory measurements are needed on various reac-

tions such as O H + H 0 2 ( a „ ) , H O 2 + H 0 2 ( û 2 7 ) . O + H O 2 (a,) , 

N O + H02 ( a 2 6 ) . a n d H + H02 ( ( a i 5 ) , ( 0 2 o ) , a n d (023)) in o r d e r t o 

détermine their rate coefficients with accuracy. 

R E A C T I O N S A F T E R O X I D A T I O N OF M é T H A N E 

Méthane, which is mixed in the troposphère, is photodis-

sociated in the mésosphère and is dissociated by oxidation 

processes in the stratosphère. 

Atomic oxygen at tacks méthane [see, for example, Nicolet, 

1974] through 

( f . ) OCP) + CH4 - CH3 + OH - 2 kcal (61a) 

which, endothermic by about 2 kcal, is a slow reaction. Its rate 

coefficient, which is not known with précision, is only abou t 

[Westenberg and de Haas, 1969] 

3.3 X \Q-"e ( 6 I i ) 

But, in the stratosphère, the reaction of C H , with atomic ox-

ygen in the electronically excited 'D state is rapid; it leads to 

(c,„*) 0 ( ' D ) + C H . - C H , -h O H + 44 kcal (61c) 

E 30 

1 1 1 1 1 1 1 1 1 1 

nIOHI [o j nIOl .Qj n lO j l .O j jn lCo j 

T 1 1 I 

0 

CO SEC X =2 — 

TROPOPAUSE 

i -1^^ ' 

c o \ 

5 10 

PERCENTAGE 

Fig. 5. Profiles (percentages) of var ious lerms affecting O H in the 
dé te rmina t ion of the rat io n(HOi)/n(OH). to be considered as exam-
ples. 
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Fig. 6. Profiles (percentages) of various terms affecling HOj in the 
détermination of the ratio /i(HOj)/n(OH), to be considered as exam-
ples. 

and also � ' 

( c„* ) 0( 'Z)) + C H , - H j + H2CO {b\d) 

which occurs to theextent o f 9 % [Lin and DeMore. 19736], The 

total rate coefficient f o r O ( ' D ) [Greenberg and Heicklen. 1972; 

Heidner and Husain, 1973; Cveianovic, 1974] is 

C* = 3 X 10-'° cm ' S - ' (61e) 

almost identical to the reactions of 0( 'Z)) with H j and H2O. 

However. unpublished measurements (H. I. Schiflf, privale 

communica t ion , 1975) indicate that c* is oniy about 1.3 X 

10"'" cm ' s" ' at room tempéra ture and is not therefore identical 

to 0 , 2 * and a^*. 

The other impor tant reaction in the s tratosphère is 

{Ct\ OH + CH4 - CH3 + H j O + 15 kcal (62a) 

with a well-defined rate coefficient 

c, = 3.5 X i o - 'V- ' "« ' ' ^ cm ' s" ' (62è) 

based on laboratory measurements by Greiner [1970], Davis et 

al. [l973o], and Margitan et al. [1974], which leads to a value 

of 4 X I 0 ~ " cm' s^ ' at 200 K in the lower stratosphère. 

Methyl radicals, which are produced by oxidation processes 

of CH, , may react rapidly with a tomic oxygen 

( c ) C H , + O - H + H j C O + 67 Iccal (63û) 

with u rate coefficient [Slagle et al.. 1974; iVashida and Bayes, 
1973] 

C3 = 1.5 X 10-'° cm' s - ' (63è) 

This reaction should be impor tan t in the mésosphère, but in 

the stratosphère, methyl radicals react by a three-body process 
wiih molecular oxygen: 

( c « ) CH3 + O2 + M - CH3O2 + M + 26 kca l (64û) 

The rate coefficient with M = N j is [Basco et al.. 1972] 

f „ = 2 . 6 X 1 0 - " « ( N 2 ) c m ' s ' {Mb) 

with a limiting value 

c . a œ = 4.3 X I 0 - " cm' S - ' (64f) 

The foliowing reaction must also be considered: 

( C f t ) C H , + O j - C H 2 O + O H {64d) 

where the rate coefficient is (N. Washida and K. Bayes, privaie 

communicat ion , 1975) 

c\, = 6,5 X 10- "e '°"' c m ' s ' l64e) 

Methylperoxy radicals react with oxides of nitrogen [Spicer 

et al.. Simonaiiis and Heicklen. \91Ab: Levv 19''3: Pitt^ 

ei al.. 1973; Pate et al.. 1974], The principal process, and 

perhaps the sole mode of reaction for nitric oxide. is 

( i j j C H , O j + N O - C H , 0 + N O j (65) 

i.e., an oxidation of N O to NO2. N o numerical value is 

available for the rate coefficient (see Levy [1972, 1973], who 

has adopted c^a ^ 5 X 10"" cm ' s '). 

C H 3 O 2 and C H 3 O could react with N O 2 (J. Heicklen. pnvale 

communicat ion , 1975) to produce H N O , and H N O j . respec-

tively: 

(cea,) C H 3 O 2 + N O 2 - C H 3 O 2 N O 2 I66a) 

(c',„J C H 3 O 2 + N O 2 - H 2 C O + H N O 3 (66/)) 

(fea,) C H , 0 + NO2 - C H s O N O j ibbc) 

(c,a,) C H , 0 + N O 2 - H 2 C O + H N O 2 ibbd) 

The ratio Cea,/(cea, + c^,) would be about 0.25 and c'aa,, (c aa, 

' e a j - 0.08. A new analysis is required, since it is extremeU 

important to détermine the behavior of nitrogen oxides m the 

lower stratosphère. If O C P ) + C H 3 O 2 H 2 C O + (O, ^ H) 

has a rate coefficient greater than 3 x 10 " cm ' s ' 

(N, Washida and K, D, Bayes, private communica t ion , 1975). 

it should be added to reactions (Cj) and (c,). 

The photodecomposi t ion of formaldehyde [McQuigg and 

Calcert. 1969; Calvert et ai. 1972; Sperling and Toby 1973: 

T, Osif and J, Heicklen, private communica t ion , 1975] 

proceeds by radical and molecular paths: 

(Ca) H 2 C O + hv ^ H C O + H ( 6 7 a ) 

and 

( C f t ) H 2 C O + Al' ^ C O + H j ( 6 7 6 ) 

which lead to the product ion of formyl and carbon monoxide 

with a tomic and molecular hydrogen, respectively. In view of 

the importance of the production of hydrogen a toms which 

leads to HO2 and of the génération of hydrogen molécules m 

the stratosphère, the relative and absolute impor tance of the 

dissociation coefficients VHCQ-H and Jco must be known 

with précision, 

A rapid reaction such as 

(cs) O H + H2CO - H C O + H2O + 36 kcal ( 6 8 a ) 

must be also introduced, since [Morris and Niki, 1971] its rate 

coefficient, at 300 K, is 

= 1,5 X I 0 - " c m ' S - ' (686) 

The reactions of atomic oxygen and hydrogen with for-

maldehyde lead also to H C O 

( c ) O + H2CO ^ O H -t- H C O -I- 15 kca l ( 6 9 a ) 

with a rate coefficient [Herron and Penzhorn, 1969: S4ack and 

Thrush. 1973] at 300 K of 

f , = 1.5 X 1 0 - " c m ' S - ' (696) 

The reaction with a tomic hydrogen is still less rapid 

(C„) H + H 2 C O - H j -H H C O + 15 kca l ( 7 0 a ) 

file:///91Ab
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with [Ridiey ei al.. 1972; Westenberg and de Haas, \911a] 

f,o = 2.2 X 1 0 - " e - " " '̂  (706) 

i.e.. r,o = 4 -5 X 10"'* cm ' s " ' at 297 K. Thèse two reactions, 

(<r,) and (C i» ) , can be neglected but (c,) cannot . 

The formyl radical is rapidly photodissociated [Johns et al., 

1963] 

( f u ) H C O + AI/ - C O + H (71) 

but reacts also with molecular and a tomic oxygen 

( C o ) HCO + Oî - CO + HOj + 40 kcal (72û) 

with a relatively high rate c< efficient [Washida et al., 1974] 

c-,2a = 5.7 X 10-'= cm ' S - ' (726) 

and is aeronomicaily more important (Oj » O) than 

( f . 2 » , ) H C O + O - C O + O H + 87 kcal (72c) 

( f „ 6 , ) H C O + O - C O j -H C H -(- 112 kcal (lld) 

even with a high rate coefficient [Washida et ai, 1974] 

c , „ = 2.1 X 10-'° c m ' S - ' (72e) 

T h e ra t io f i j s i / f u s j would be 1.4 according to Westenberg and 

de Haas [19726] and abou t 1 according to Mack and Thrush 

[1973]. 

T h e reaction of H C O with O H is also rapid [Morris and 

Niki. 1971] 

(Ca) HCO + OH ^ HjO -H CO + 95 kcal [lia) 

with 

c „ = 1.5 X I 0 - " cm ' S - ' (736) 

but is aeronomicai ly less impor tant than (C12). 

In addi t ion to the reaction with N O of the methylperoxy 

radical CH3O2, o ther reactions must be int roduced [Levy, 

1972, 1973]: 

(cu) C H , O j + C H s O j - 2 C H , 0 + O, 

with [Parkes et al., 1973] 

c , 4 = 3.3 X 1 0 - " cm ' s - ' 

(74a) 

(746) 

which would be comparab le with Cj for concent ra t ions of N O 

and CH3O2 of the same order of magni tude, but may be 

neglected in a first analysis; nevertheless, the removal of CHaO 

can be considered by the reaction with Oj 

C H 3 O + O , - H O , + H , C O ( 7 5 a ) 

with a slow rate coefficient (J. Heicklen, private communica -

t ion, 1975) of the order of 

1.6 X io-"e-" '«" '^ (756) 

to lead to a lifetime of C H , 0 of the order of a few hundreds to 

1000 s in the lower s tratosphère. However, it is necessary to 

consider the possible efîect of H O , on C H j O , as follows: 

( C . ) C H . O j + H O , ^ C H , 0 , H + O , (76) 

for which no measured rate coefficient is available. With a 

relatively high value there would be a compét i t ion between c, 

and Cl, in which N O and H O , would be involved, respectively. 

Accord ing to Levy [1972], C H , 0 , H either reacts with O H 

or is subject to photodissociat ion 

(c„ ) C H , 0 , H + hv ^ C H , 0 + O H (78) 

Finally, if methylperoxynitr i te and methylperoxynitrate are 

formed, the photodissociat ion should be considered to be 

and 

(Oo) 

C H a O j N O + hv ^ C H s O , + N O 

C H a O j N O , + hv ^ C H , 0 , + N O , 

(79) 

(80) 

Reactions of C H , , CH3O, and C H j O , with ozone have also 

been considered [Simonaitis and Heicklen, 1975a]. T h e ex-

périmentai results are 

( f 2 , ) 

with 

C H 3 + O 3 O, H2CO + H 

5.4 X lO - 'V-

(81a) 

(816) 

and lead to a value of the order of 5 X I Q - " cm' s ' in the 

s t ra tosphère, which is not sufficient to compete with react ions 

involving O,. The reactions of C H 3 O and C H 3 O 2 with O 3 lead 

to < 2 X 1 0 - " and <2 .4 X l O ' " cm ' s - ' , respectively, a n d are 

negligible. 

If it is certain tha t the final resuit of the destruct ion of 

mé thane is the product ion of water vapor molécules a n d of 

carbon monoxide [McConnell et ai, 1971; Wofsy et ai. 1972], 

it is not yet clear how to détermine the intermediate pa ths and 

their effect on ozone equil ibrium [Nicolet, 1974; Crutzen. 

1974û; McConnell. 1974], Figure 7 shows how C H 3 O 2 , CHaO. 

and H2CO are three s tratospheric constituents on the t ransfor -

mation routes of CH4 into H2O and CO. Unfor tuna te ly , it is 

not yet possible to deduce how the alkyperoxyl radical C H j O , 

reacts simultaneousiy with NO2, NO, and HO2, the resuit be-

ing that the nitrogen dioxide product ion is fixed in compar i son 

with the formaldehyde product ion leading to HO2 and also to 

H2. Ozone will be affected according to the various types of 

conversion of N O to N O , and CH^ to O H and HO, . It is 

critical that thèse various uncertainties be resolved by new and 

definite expérimental measurements . 

Thus with équat ions (61) to (81), it is possible to apply 

equ i l i b r ium c o n d i t i o n s to H j C O and H C O . W i t h o u t 

neglecting any reaction: 

A l ( H , C O ) [ y H - H C O + JHI-CO + c^(OH) + cMO) + c,„«(H)] 

= n (CH, ) [ c , « (0 ) + c ,„*n(0*) -I- C2«(0H)] = « ( H C O ) 

[ , / H - C O + ' �n«(0 , ) + c „ n ( O H )] + /»( H , C O ) yH2 - c o (82) 

CH, 

> NOj-

. NO -

. HOj-

. O H -

HNO, 
ce co 

H , 2 H 0 , 

C H , 0 , H H- O H - . H , 0 , + C H . O , (77) 

Fig. 7. Réaction scheme of the dissociation of méthane in the 
stratosphère leading to the product ion of carbon monoxide. Direct 
reaction C H , -I- O , - H . C O + O H should be added. 

file:///911a
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and with the principal reactions: 

fl(H^CO)[yH-Hco + + cMOH)] = « (CH.) [c ,a*n(0) 

+ c ^ ( O H ) ) = n ( H C O ) f „ n ( 0 , ) + n (H2CO )yH , - co (83 ) 

This last équation shows that it is possible to deduce ail 

aeronomic parameters if the photodissocia t ion pa ths are suffi-

ciently well-known and if the vertical dis tr ibut ion of strato-

spheric méthane is determined. 

If we consider the various reactions involving the produc-

tion and loss mechanisms of H, O H , and H O j in CH4 

stratospheric aeronomy, we may write 

dn(H) dnjOH) dniHO^) 

dt dt dt 

+ n{pU)[cMCU,) + 2 c , 3 « ( H C O ) + IcMCU.O^U)] 

= n{CH,)[cMO) + c , „ * « ( 0 * ) ] 

+ 2 / I ( H 2 C O ) / H - H C O + n(CH,0)c,M02) ( 8 4 ) 

With condi t ions (83), (84) becomes 

dn(H) rf»(OH) dn(HO,) 

——— H 1 h / j (OH)c2/ i (CH4)[ l — X] 

at dt dt 

+ 2 « ( O H ) [ c , 3 / i ( H C O ) + c , 7 / i ( C H 3 0 2 H ) ] 

= n ( C H 4 ) [ c i « ( 0 ) + c , . * « ( 0 * ) ] [ l + X] 

+ « ( C H 3 0 ) c i 5 « ( O j ) (85) with 

2 / H -

� /H-HCO + JH.-CO + C 8 « ( 0 H ) 
( 8 6 ) 

If labora tory measurements [Sperling and Toby, 1973; T. 

Osif and J. Heicklen, private communica t ion , 1975], which 

seem to indicate that J H - H C O > ^ H J - C O + C8n(0H), in 

disagreement with o ther studies [McQuigg and Calvert, 1969: 

Calven et al.. 1972], are accepted, the rat io X could be greater 

than unity, and the steady state condi t ions of (85) would Iead 

to 

2 / î ( O H ) [ c , 3 « ( H C O ) + C w « ( C H 3 0 j H ) ] 

= n ( C H 4 ) { [ c , « ( 0 ) + c , / « ( 0 * ) ] [ Z + 1] 

- f c , « ( O H ) [ A ' + H t (87) 

which are the principal terms that must be int roduced into the 

water vapor product ion when méthane is présent. Instead of 

(39). the addi t ional terms (87) and the effect of H j Iead to 

/ i ( O H ) [ f l „ n ( O H ) + a , 7 « ( H 0 2 ) + a^M^l^O^) 

+ 2 c , 3 « ( H C O ) + IcMCUjO^n)] 

= [ n ( H , 0 ) a , j * + n ( H j ) a , 4 * 

+ c „ * « ( C H , ) ^!-^yZj„(o*) 

+ c . ( ^ ^ - ^ ) « ( C H . ) « ( O H ) (88) 

T w o réactions, (c,»*) (équat ion (61rf)) and (c^i) (équat ion 

(67 t ) ) , are pa ths for the fo rmat ion of H j tha t can be in-

t roduced in the s t ra tosphère , and then (46) becomes 

dj^ + m^M^Û + „ ( H , ) [ « , , * „ ( 0 * ) + « „ « ( O H ) ] 
dt az 

= Cu*/ ! (0*)n(CH4) + « ( H 2 œ ) c 7 i , + a23 ' î (H)« (H02) (89) 

A simple approx imat ion of (88) is obta ined when the p roduc-

tion of H j is neglected and is written as follows: 

û „ n ( 0 H ) « ( H 0 2 ) = û * « ( 0 * ) [ n ( H , 0 ) -I- « ( H , ) + N C H J ] 

+ k 2 « ( O H ) / 7 ( C H J ( 9 0 ) 

This équation represents the principal product ion processes of 

O H and HO2 r ad ica l s t ha t Iead to the f o r m a t i o n of 

s tratospheric H j O in a hydrogen-oxygen a tmosphère involving 

méthane. Nevertheless, it must be pointed out that the com-

plex interactions a m o n g the various reactions require a more 

reliable data base in o rder to dé termine accurately their final 

action on the s t ra tospher ic ozone, part icularly in the lower 

s tratosphère. 

R E A C T I O N S IN A N I T R O G E N - H Y D R O G E N - O X Y G E N 

A T M O S P H è R E 

The présence of ni trogen oxides in the upper a tmosphère re-

quires the p roduc t ion of a tomic nitrogen [Nicolei. 1945, 1965(2, 

b; Bâtes, 1952] or the dissociation of ni t rous oxide [Bâtes and 

Witherspoon, 1952; Bâtes and Hays. 1967]. This problem was 

developed by Nicolet [1955a, b] in relation to the airglow. In 

the ionospheric régions, ionic reactions Iead to excited a toms 

N(^D) [Norton and Barlh, 1970; Strobel et al., 1970; Nicolet. 

19706; Strobel, 19710, b], which react rapidly with O j to form 

nitric oxide molécules. In the s t ra tosphère, the reaction of the 

electronically excited oxygen a tom 0 ( ' D ) with N j O [Nicolet. 

1971] has been considered as an impor tan t source of nitric ox-

ide [Nicolet and Vergison, 1971; Crutzen, 1971; McElroy and 

McConnell, 1971; Nicolet and Peetermans, 1972; Johnston. 

1972]. Cosmic rays [Warneck, 1972; Nicolet and Peetermans. 

1972; Brasseur and Nicolet, 1973; Nicolet, 1975], must also be 

considered as an addi t ional source, particularly at mean and 

high latitudes (geomagnet ic lat i tude 4> > 45°) . In addi t ion , a 

suggestion has been recently made by Crutzen et al. [1975] that 

the solar pro ton events are also s t ratospheric sources of nitric 

oxide. Another source of nitric oxide [McConnell, 1973; Mc-

Connell and McElroy, 1973] would be t ropospher ic a m m o n i a . 

if it should reach the s t ra tosphère . Finally, it might be useful to 

consider [Ackerman, 1975] the possible intrusion of nitrogen 

oxides into the s t ra tosphère when they have a high mixing 

ratio at the t ropopause level. Nevertheless, the possible action 

of past nuclear explosions [Foley and Ruderman, 1973] (and of 

a nuclear war [Hampson, 1974]) on the s t ratospheric nitric ox-

ide product ion canno t be ignored. A définitive s ta tement can-

not be given if référence is made to the various publ icat ions in-

dicating no détectable effect [Goldsmith et ai, 1973; Bauer and 

Gilmore, 1975] or leading to a discernible effect [Johnston et 

al., 1973] on a tmospher ic ozone. Var ious types of analysis of 

ozone data should be made in order to unders tand the 

geographical dis t r ibut ion of the ozone f luctuat ions. An exam-

ple is given in the analysis made by Ruderman and Chamberlain 

[1975]; they s tudy the modula t ion of the product ion of nitric 

oxide by cosmic rays on s tratospheric ozone and the possible 

effects related to artificial sources. However , corré la t ions 

between solar activity and ozone may have various aspects 

[London and Oltmans, 1973; Paetzold, 1973] which indicate 

that statistical analyses must be combined with a knowledge of 

physical processes. 
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The formation of nitric oxide can be due to a three-body 

process 

(b,) N + O + M ^ N O + M + 150 kcal (91a) 

with a rate coefficient 

b, = 9.1 X I O - " ( 3 0 0 / r ) ' " « ( M ) c m ' s" ' (916) 

deduced from measurements made by Campbell and Gray 

[1973]. However, before considering other nitric oxide forma-

tion processes, it is convenient to simplify the study of nitric 

oxide by analyzing ils reactions with atomic oxygen and 

ozone, the principal active constituents of the chemosphere. 

First, there is the three-body process 

ibm) O -F N O M ^ N O , + M + 72 kcal (92a) 

with a relatively high rate coefficient recommended by Baulch 

et al. [1973] 

6j„ = 3.0 X l O - ' V ^ ' M M ) c m ' s" ' (91b) 

and a limited value at high pressure [Gaedike and Troe, 1975] 

6 , M » = 3.0 X 1 0 - " cm' S - ' (92c) 

This three-body process leading to the formation of nitrogen 

dioxide must be compared with the radiative process 

O -(- N O - N O , + hv {92d) 

which leads, according to Becker et al. [1972], at low pressure 

to the following value of the rate coefficient 

b, = 4.2 X 10-'» cm' S - ' Ole) 

and which becomes, according to the results of Golde et al. 

[1973], 

V = 1 X 1 0 - " cm' s - ' (92/) 

Two bimolecular processes must be considered as essential 

aeronomic reactions. One is the reaction with oxygen a toms 

O + N O j - N O -I- O , -I- 46 kcal (93a) 

which is a relatively rapid reaction almost independent of 

tempéra ture [Davis et ai, 1973è; Slanger et ai, 1973; Bemand 

et ai, 1974]. The following rate coefficient (average value) may 

be adopted 

6, = 9.3 X I 0 - " cm' S - ' (936) 

The other reaction of nitric oxide with ozone 

(b,) O, -H NO N O j + O, 4- 48 kcal (94fl) 

has an activation energy leading to = 1.8 X 10"'* cm' s " ' at 

298 K, according to various laboratory measurements 

[Johnston and Crosby, 1954; Clyne et al., 1964], and to 

6, = 1.2 X 10- - i a „ - l I H I / T - _ l S o - l (946) 

In addit ion to thèse reactions involving NO, , the following 

photodissociation process occurs in a sunlit a tmosphère 

NO, -I- hv(X < 398 n m ) N O + O (95) 

Since the lifetime in the solar radiation field of N O , molécules 

is 200 < TNO, < 100 s, a photoequilibrium [Mcolet, 1955a] 

must therefore exist and will lead to the ratio n (NO, ) /« (NO) : 

w(NOi) ^ bMO) + bMO^) 

n(NO) Jso, + b,n(0) 
( 9 6 ) 

which is u s e d i n t h e s t r a t o s p h è r e b y a i l a u t h o r s i n t h e f o l l o w i n g 

form: 

« ( N O ) 7 N O , 
(97) 

The scheme of the principal react ions related to the 

photochemistry of O-O, in the stratosphère is given in 

Figure 8 which corresponds to the following équation (see 

équations (20), (24), (26), and (96)): 

+ n(0,)[aMOH) + a.MHO,)] . , 
dt 

+ n(0)[2A:3«(03) + aMOH) + aMUO,) + IbM^O,)] 

= 2n(P^)J2 ( 9 8 ) 

which shows that the correction term for the photoequil ibrium 

région in the équation 

A = 

« ' ( O 3 ) = r« ( M V(o^)-7774—7; 

a5»(OH) -f a 7 n ( H 0 ; ) + 263"(NO;) 

2A:3n(03) 

( 9 9 ) 

(100) 

Thus it can be concluded that nitrogen oxides play an impor-

tant rôle in the vertical distribution of stratospheric ozone, and 

ail authors have introduced their effects using reactions (b,), 

(64), and (65), since the first work by Crutzen [1970]. This 

catalytic destruction 

(b,) 

(b,) 

(Jso,) 

N O , -(- O - N O 4- O, 

N O -I- O, - N O , + O, 

N O , + hv ^NO + O 

must have its major action above the ozone peak, where any 

departure f rom photoequilibrium conditions is not very great. 

To détermine the behavior of nitric oxide, it is necessary to 

examine aeronomic reactions in which atomic nitrogen is efTec-

tively involved. The only direct destruction of nitric oxide is its 

reaction with a tomic nitrogen: 

(6.) N -I- N O ^ N,(o > 0) + O -I- 75 kcal (101a) 

with a relatively high rate coefficient at 300 K [Phillips and 

Schiff, 1962] 

6, = 2.2 X 10 - " cm' s - ' (1016) 

Between 298 and 670 K the rate coefficient is given by the ex-

Fig. 8. Reactions occurring in a nitrogen-hydrogen-oxygen atmosphère 
that are related to the product ion and loss of odd oxygen. 
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pression 

b, = (8.2 ± 1.4) X lo - i ' e - '^î»» " c m ' s " ' (101c) 

according to Clyne and McDermid [1975). Such a reaction is 

not impor tant in the stratosphère, except in the case of excep-

tional artificial disturbances when atomic nitrogen is produced. 

The reaction of a tomic nitrogen with molecular oxygen is a 

normal process to produce nitric oxide. A normal atom N(*5) 

leads to 

(*t) N(«5) + O2 - NO(tJ > 0) + O + 32 kcal (102o) 

which has a high aclivation energy. The last laboratory 

measurement [Becker et al., 1969] results in 

b-, = 5.5 X 1 0 - " ? - " ' » " ' c m ' s ' ' (1026) 

However, the reaction of molecular oxygen with excited a toms 

H(^D) is more rapid, since 

(6,*) N('Z)) + O , - N O -I- O + 87 kcal (102c) 

leads to an average value of the order of 

6,* = 7 X 10-'^ cm ' s - ' (\Q2d) 

according to measurements made by Lin and Kaufman [1971], 

Slangeret al. [1971], and Husain et al. [1972]. 

In addit ion to the loss process of nitric oxide (b,), which oc-

curs only when a tomic nitrogen is sufficiently abundan t , it is 

necessary to consider the photodissociat ion process which oc-

curs in the mésosphère but which can also play a rôle in the 

upper s t ra tosphère [Cieslik and Nicolet. 1973]: 

(b,) N O + M X < 1910 n m ) ^ N O + O (103) 

Thus the photoequi l ibr ium condit ions between N and N O 

can be defined by reactions (6,), {b^), and (b,): 

/ 7 ( 0 2 ) [ V ( N ) + 6,*«(N*)] = «(NO)[yNo -I- è .n(N)] (104) 

Other nitrogen oxides, such as nitrogen trioxide, tetroxide, and 

pentoxide, must be considered [Nicolet, 1965a]. In the 

ozonosphère , the reaction 

ib,) O3 + N O , ^ NO3 + O2 + 26 kcal (105a) 

which leads to the product ion of nitrogen trioxide, must be in-

t roduced. Various récent laboratory measurements [Johnston 

and Graham, 19746: Huie and Herron, 1974; Davis et al., 

1974û] give (6.1 ± 0 . l ) X 10"" at 200 K, corresponding to the 

average value 

b, = 1.3 X | 0 - " e - " " " ' ' c m ' 5-' (1056) 

Also, the three-body reaction 

(6,0) O + N O j + M - NO3 M + 50 kcal (106a) 

may occur in the région where atomic oxygen is présent. Its rate 

coefficient [Gaedtke and Troe, 1975; Hippler et al., 1975] is 

fc.oM = 8.0 X l O - ' M N , ) c m ' S- ' (1066) 

and 

6,„M. = 2.0 X 1 0 - " c m ' s - ' (106c) 

For dayt ime condit ions, such reactions are followed by the 

rapid process 

( 6 „ ) N O , + N O ^ 2 N O , + 22 kcal (107a) 

for which [Harker and Johnston, 1973; Glânzerand Troe, 1973] 

the following rate coefficient can be adopled (7" = 297 K); 

6,1 = 8.7 X 1 0 - ' ' c m ' s - ' (1076) 

In addition, there are two possible photodissociat ion proces-
ses: 

(VN<),-O) N O , + 6 r - N O , + O ( 1 0 8 ) 

and 

(VNO-O. ) N O , + Al/ - N O + O , ( 1 0 9 ) 

The photodissociation of N O , - � N O + O , was adopted for 

several years by various au tho r s [Cnttzen, 1973, l974o; Levy. 

1973] following Johnston [1974]. However, a récent com-

munication by H. S, Johns ton (unpublished manuscr ipt . 

1975) indicates that the photodissociat ion should be N O , * 

N O j + O and not process (109). Such a resuit is impor tant , 

since il indicates that the night t ime process (6,) of format ion 

of nitrogen trioxide is counterba lanced by its daytime photo-

dissociation. The destruction process of ozone in the lower 

stratosphère, which was considered as follows. 

(6,) N O , -t- O , - N O , -H O , ( l lOo) 

( V N O - O , ) N O , + - N O -F O , ( 1 1 1 ) 

must be replaced by 

(yNo,-o) N O , + A » / N O , -F O ( 1 1 0 6 ) 

where (110a) and (1106) are associated. Nevertheless, there are 

other reactions involving N O , , particularly for nightt ime con-

ditions in the lower s t ra tosphère . The following processes 

should be considered 

(6„ ) NO3 + N O , -h M N , 0 , + M ^ 22 kcal ( I l 2 a ) 

with the rate coefficients [see Baulch et al., 1973] 

6 „M = 2.8 X 10- ' °n(M) c m ' S - ' (1126) 

and 

6 „ M œ = 3.8 X 1 0 - ' ' c m ' s " ' (112c) 

which are reached at about 20 km. The endothermic reaction 

(6„) N O , + N O , - O , -(- N O - 4 kcal {113a) 

would have a rate coefficient [Baulch et al., 1973] 

6 „ = 2.3 X i o - " e - ' « " " T c m ' s " ' ( 1 1 3 6 ) 

leading to a value of abou t 1 X 1 0 - " cm ' s - ' in the lower 

stratosphère. The reaction between two nitrogen trioxide 

molécules 

{b») N O , + NO3 ^ 2NO, -F O , -I- 18 kcal (114a) 

requires a high activation energy for stratospheric values. A 

suggested value for the rate coefficient [Baulch et al., 1973] is 

6,4 = 5 X lO-'V-"»'" '^ c m ' S- ' (1146) 

leading to a value of about 1 X 1 0 - " c m ' s - ' in the lower 
Stratosphère. 

From this analysis of the various reactions of nitrogen triox-

ide, it is not clear if N O , can play a major rôle in 

stratospheric aeronomy. Its nighttime formation (reaction (69)) 
is always compensated for by dayt ime destruction processes. 

However, the action of nitroxyl, ni t rous acid, and nitric acid 

must be considered before determining the exact s tratospheric 

conditions. Nevertheless, the problem of nitrogen trioxide and 

pentoxide cannot be neglected during long nights when the ac-

tion of their destruction processes is not important . In the 
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same way, the three-body association leading to nitrogen 

tetroxide shouid be considered only for sufïicientiy long night-

time condit ions 

{bu) N O j + N O j + M ^ N 2 O 4 + M + 14 kcal (115a) 

for which the rate coefficient is small [Clyne and Thrush, 1962] 

i „ = 8 X 1 0 - " n ( M ) c m ' S- ' (1156) 

We will not analyze any reactions dealing with the format ion 

and destruction of nitroxyl, since they canno t affect the essen-

tial s tratospheric processes: 

(6 ,« ) H + N O + M - H N O + M + 49 kcal (116û) 

(h„r) H + N O - H N O + hv (1166) 

(6„) H + H N O - N O + H, + 55 kcal (117) 

(6„) OH + H N O - N O + H j O + 69 kcal (118) 

( 6 „ ) H O j + H N O - N O + H j O î + 4 0 kca l ( 119 ) 

We consider now [Nicolet, 1965o] the various possible reac-

tions leading to nitrous and nitric acids. W e begin with the 

three-body association 

(6,om) H + NO2 + M - H N O , -h M -I- 80 kcal (120û) 

which is negligible in compar ison with 

(/)„) H -I- NO2 - O H -h N O + 29 kcal (1206) 

where (M. A. A. Clyne and P. B. Monkhouse , private com-

munica t ion , 1975) 

6 „ = 4.9 X l O - ' V - ' " " ^ c m ' s - ' (120f) 

React ion (62») is rapid, but it is less impor tan t than a three-

body association with O H : 

( 6 j , ) O H -h N O + M - H N O 2 + M 4- 60 kcal (121a) 

Measurements by Morley and Smith [1972] and Anderson et al. 

[1974] lead to the same resuit, 

bu» = 3.25 X 1 0 - ' V » ° ' M M ) c m ' s " ' (1216) 

with the possible limit [Sie et al., 19756] 

62,M. = 1.2 X 1 0 - " c m ' S- ' (121f) 

when the value ûaeM» (équation (56c)) is used for compar ison . 

The reaction of O H with NO3, which leads to nitric acid, is 

aiso extremely important : 

(622) O H -H N O 2 + M - H N O 3 + M + 53 kcal (122a) 

where [Anderson et al., 1974] 

b„» = 1.1 X 10-"e'»<"'"«(M) c m ' s - ' (1226) 

and 

622M. = 1 X 1 0 - " cm ' S-' (122c) 

A theoretical analysis of the rate coefficients 621 and £?22 nas 

been made by Tsang [1973] in order to détermine the transit ion 

f rom 6m to 6m= in the s t ratosphère. 

However , a very récent expérimental analysis by Anasiasi et 

al. [1975] leads to the effective second-order rate coefficient for 

622 with «(N,) varying f rom 1.6 X 10" c m - ' t o 3.2 X 10" c m - ' 

between 220 and 358 K. Using such laboratory data it is possi-

ble to deduce directiy the effective rate coefficients cor-

responding to the format ion of nitric acid in the t roposphère 

and stratosphère. The avierage values in Table 1 are obta ined 

for the s tandard U.S. a tmosphères at latitudes <̂  = 15° and ip 

= 45°, respectively (with an efficiency n(N2)/n{0i) = i). 

The reaction involving H O , has not yet been observed, 

(623) HO2 + N O -(- M - H N O , + M + 63 kcal (123) 

and may be neglected. 

Before introducing the efTect of the photolysis of H N O 2 and 

H N O 3 , the action of H, O H , and H O 2 may be considered; 

(62J H + H N O 2 - H2 + NO2 + 23 kcal ( 1 2 4 ) 

is not impor tan t compared with 

( 6 2 s ) O H + H N O 2 H 2 O + N O 2 + 38 kcal (125a) 

where 

625 = 2.2 X 10-'= cm ' S-' (1256) 

according to Co.x [19746]. The reaction of H with H N O 3 

(62e) H + H N O 3 - H2O + NO2 + 66 kcal ( 1 2 6 ) 

is negligible; 626 < 2 X 1 0 " " cm ' s - ' , according to Chapman 

and Wayne [1974], as the reaction with atomic oxygen 6 < 2 X 

10"" cm ' s '. But the act ion of O H is important 

(62,) O H + H N O , - H2O + NO3 + 15 kcal (127o) 

where 

62, = 0.9 X 1 0 - " cm ' S"' (1276) 

^ c o r d i n g to the most récent measurement [Zellner and Smith, 

1974; Smith and Zellner, 1975]. 

Another reaction which shouid be introduced [Simonaitis 

and Heicklen, 1974a; Cox and Derwent, 1975] is 

(628a) H O 2 + N O 2 - H N O 2 + O 2 -H 34 kcal (128a) 

with a reported rate coefficient 

629. = 1.2 X 1 0 - " c m ' s - ' (1286) 

However, more récent results [Simonaitis and Heicklen, 1975c] 

seem to suggest that an impor tan t reaction of HO2 with NOa 

could be a process like the following: 

(628,) HO2 + N02(-HM) - H 0 2 N 0 2 ( + M ) (128c) 

leading perhaps to a long-lived complex at s t ratospheric 

températures . 

The impor tan t reaction 

(62,) HO2 + N O - O H + NO2 (129a) 

which was in t roduced in the déterminat ion of the ra t io 

/ î ( O H ) / n ( H 0 2 ) in the lower stratosphère, (équation (57)), has 

a rate coefficient which is still not known with précision. Davis 

et al. [1973c] and Payne et al. [1973] give 

62, = 3 X 1 0 " " cm ' S"' (1296) 

TABLE I. Average Values of è^, (cm s"') at Two Latitudes 

Altitude, km = 45° ^ = 15° 

12 1.5 X 10"" 1.2 X 10"" 
15 1 . 3 X 1 0 " " 1 . 6 X 1 0 " " 
17 1.3 X 10"" 1.8 X 10"" 
20 6.3 X10" '^ 1 . 2 X 1 0 " " 
25 3.3 X I 0 - " 3.3 X 10"" 
30 1.6 X 1 0 - " 1.4 X 10"" 
35 7.8 X 10"" 6.7 X 1 0 - " 
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with a stated uncertainty of a fac tor of 3. Hack et al. [1975] 

give 

6 „ = 2 X lO- ' - e - ' " " "" c m ' s " ' (129c) 

whereas Simonaitis and Heicklen [1975c] fînd i j , = (1.02 ± 

0.2) X 10"" at 300 K based on a „ = 3.3 X 1 0 " " c m ' s ' ' and 

Cox and Derwent [1975] obtain 6 j , = 1.2 X 1 0 " " c m ' s " ' at 

296 K. The reactions of hydrogen peroxide with nitrogen diox-

ide and nitric oxide are too slow to play a rôle in the 

stratosphère. According to Gray et al. [1972] 

(4{m) N O + H , 0 , - O H + H N O , + 11 kcal (130û) 

has a rate coefficient 

a „ < 5 X 10-»° c m ' s " ' (1306) 

With the format ion of dini t rogen pentoxide (reaction ( i u ) ) , 

it is necessary to in t roduce the reaction with H j O which is 

often considered. According to Morris and Niki [1973], 

(6 . i) N j O , + H , 0 - 2 H N O , + 10 kcal ( I31a) 

would have a rate coefficient at 250 K of 

6 „ < 3 X 1 0 - " c m ' S- ' (1316) 

However , the photodissocia t ion must be considered 

(btta) N j O . + hv{X < 380 n m ) - N O , + N O , (132û) 

and the dissociation by collision 

(6.a^) N j O , + M - N O , + N O , + M - 22 kcal (1326) 

where [Baulch et al., 1973; Niki, 1974] 

(132c) 

o r 

6 , „ = 0.104 S - ' (132^^) 

at 1 atm and 297 K [Harker and Johnston, 1973]. 

Finally, par t icular a t tent ion must be given to the photodis-

sociation of ni t rous and nitric acids. 

T h e primary p roduc t s of H N O , photodissociat ion are 

( ^ H - N o ) H N O j + Av(A < 585 n m ) - O H + N O (133) 

a n d 

(yH-No.) H N O , = M A < 3 6 6 n m ) - H + N O , (134) 

According to Cox [1974û], the second process may correspond 

to about 10% of the overall photodissocia t ion. 

The photodissociat ion of H N O , occurs according to the 

process [Johnston and Graham, 1973, 1974a] 

(^OH-No.) H N O , + M A < 3 2 0 n m ) - O H + N O , (135) 

with a quan tum yield equal to unity at ail wavelengths. 

Af ter this detailed analysis of the var ious reactions involving 

nitrogen oxides, we will consider the principal chemical and 

photochemical équat ions . For dayt ime condit ions, photo-

chemical equil ibrium can be considered immediately for 

N,Os, NO, , H N O , , and N O , , since their photodissociat ions 

are sufficiently rapid. We may write for N,OB, NO, , H N O , , 

and NO, , respectively, 

n ( N , 0 . ) [ 6 „ + 6 „ « ( H , 0 ) ] = 6 „ f l ( M ) n ( N O , ) n ( N O , ) (136) 

rt(NO,)[yNo,-o + 6 „ / i ( N 0 ) + 6 „ « ( M ) n ( N 0 , ) ] 

= n(NO,)[b^(,0,) + 6 ,ofl(M)n(0)] + 6 „ « ( O H ) « ( H N O , ) 

+ 6 „ « ( N , 0 . ) (137) 

/ i (HNO,)[y OH NO + -̂ H - NO, 6,5/l(OH )] 

= 6 „ / ( ( M ) n ( N 0 ) / i ( 0 H ) + 6 „ / i ( N 0 , ) n ( H 0 , ) (138) 

/;(NO,)[7NO, -I- bMO) + b,n(0,) + 6 ,„n(M)/ ; (0) 

+ 6„ / i (M)n(N03) + 6 a « ( M ) n ( O H ) + 6„ / i (HO, ) ] 

= /i(NO)[6,/7(M)/)(0) + 6 . / i (0 , ) + 26„ / i (NO, ) 

+ 6„ / î (HO, ) + c ,„/7(CH,0,)] + /i(HNO,)[yH -NO, 

+ /.„/7(OH)] + « ( H N O , y o H - N o , + «(NO,)yNo,-o (139) 

In addi t ion, chemical equil ibrium must exist for atomii; 

nitrogen, and we may write 

rt(N)[6,«(M)n(0) + b,n{NO) + M ( 0 , ) ] 

= « ( N O ) J N O + / ' ( N ) ( 1 4 0 ) 

where P(N) is the direct product ion of ni trogen atoms. 

With the in t roduct ion of the reactions (c,) to (Cjo) involving 

the dissociation of méthane , (6,) to (6,,) involving ail nitrogen 

oxides, and (a , ) to (a , , ) involving ail hydrogen react ions, the 

équat ions governing the rates of change of the concent ra t ion 

of and a tomic oxygen become 

dn(0,) 

dt 

+ a j n ( H ) + û6n (OH) + a^M^O^) 

+ i^nCNO) + M ( N O , ) ] = A: ,n(M )«(02)«(0) (141) 

dn{0) 

dt 
+ n ( 0 ) [ 2 ^ , / ! ( M ) n ( 0 ) + A:,«(M)/((02) + k,n{0^) 

+ a . « ( O H ) + « ^ « ( H O î ) + fl3,n(H,Oj) + 6 , n ( M ) « ( N ) 

+ 6 j n ( M ) « ( N O ) + ft,,n(NO,) + 6 , o ' i ( M ) n ( N O , ) ] 

= 2 « ( 0 , ) / 2 + n{0,)J, + /J(NO)7NO + " ( N O / N O . 

+ n ( N 0 3 ) y N o . - o + / i (N ) [6en (NO + b-,n{0^)] ( 142 ) 

Since a tomic oxygen (équation (142)) and a tomic nitrogen 

(équation (140)) are always in photochemical equi l ibr ium in 

the s tratosphère, the ozone équat ion (141) becomes (a2n(H) 

and 2A;,/i(0) being neglected) 

rf^(Oa) 

dt 
+ n{0^)[2k,n{0) + a , « ( O H ) + ascnCHOj) 

+ 64n (NO) + 6 , « ( N 0 2 ) ] + n{0)\a^n{0\i) 

+ a , n ( H 0 2 ) + a 3 . « ( H , 0 , ) + 2 6 , n ( M ) / i ( N ) 

+ 6 , / , ( M ) « ( N O ) + [63 + 6 , o n ( M ) ] n ( N O , ) j 

= 2«(02)y2 + 2«(NO)7NO + / " ( N ) 

+ « ( N 0 , ) 7 N O . + n ( N 0 3 ) y N o . - o (143 ) 

Thus the addi t ion of nitrogen oxides N O and N O , , which 

destroy odd oxygen by var ious reactions involving ozone and 

a tomic oxygen, must be considered with its coun te rpa r t , the 

photodissociat ion of N O , N O , , and N O , and the N fo rmat ion , 

as product ion processes in addit ion to the photodissocia t ion of 

molecular oxygen. This double effect of ni trogen oxides should 

be considered, part icularly in polluted a tmosphères or in the 

a tmospheric régions where a tomic oxygen p roduc t ion by 

photodissociat ion of molecular oxygen is small. 

Having int roduced in (143) the s imul taneous effects of 
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(136), (137), and (138) representing the photoequi l ibr ium 

équa t ions of N jO, , N O , , and N O j , respectively, we may write 

(react ions (A,), (h,), and {b,,) being neglected) 

+ „(p,)[2k,n(0) + aMOH) + a.M^iO,)] 
dt 

+ n ( 0 ) [ a 5 « ( 0 H ) + a-,n(}lO^) 

+ fla.wCHjO^) + 2 i 3 " ( N 0 2 ) ] 

= - « ( N O j ) [ 6 2 2 n ( M ) n ( O H ) + fcasiCHOj)] 

- 2^3 .n (H20 ) / I (N20, ) + ln{02)J2 

+ « ( N O ) [ 2 7NO + èosiCHOî) + Cs.wCCHsOj)] 

+ ^ N ) + « ( H N 0 3 ) [ / o H - N o , + 627n(OH)] 

+ n ( H N O j ) [ / „ - N o , + 625i (OH)] (144) 

The fact that the équation governing the rate of change of the 

concentra t ion of nitric acid is 

( / « ( H N O , ) 

dt 
+ / ! ( H N 0 3 ) [ y o H - N 0 , + è27«(OH)] 

= 62 jn ( M ) « ( O H ) + « ( N 0 2 ) + 2 è 3 . « ( H 2 0 ) « ( N , 0 5 ) (145) 

indicates that photoequi l ibr ium condit ions are not reached 

rapidly. particularly in the lower s t ra tosphère ((^oh-no,) 

being too small), and it is difficult to détermine the exact effecl 

of HNOa in (144). Nevertheless, by introducing its photo-

chemical equilibrium value in (144), the ozone équat ion 

related to stratospheric chemical condit ions is simply written: 

— ^ + n{0^)[lk,n{0) + Oe^!(OH) + ««^«(HO,) ] 
dt 

+ n ( 0 ) [ a j / 7 ( 0 H ) + aMWi^) 

+ Û 3 . n ( H A ) + 2bM^O,)] 

= ln{02)J2 + « ( N O ) [ 2 y N o + c^MCUfii)] 

- f / ' ( N ) + n ( H N O j ) y „ - N o . 

+ n(OH)[*25n(HNOi, ) + ^ ^ « ( H N O j ) ] 

+ /)(H02)[629«(NO) - 628«(N02)] 

= 2 / i ( 0 , ) y , + « ( N O ) [ 2 y N o + 62 , « ( M ) n ( O H ) 

+ b^,n(.HO,) + c , „ « ( C H 3 0 , ) ] + P m 

+ / i (HN03 )627n (OH) - « ( H N O j ) y o n - N o (146) 

Thus the action of nitrogcn oxides leads to ozone destruction 

by the reaction of NO2 with O. Since numerical values of the 

various parameters in the stratosphère and t roposphère lead to 

" ( O ) = 
« (03)y3 + « ( N O , ) y N o , 

(147) 

the gênerai chemical équation (146) for the ozone 

concentrat ion in the s t ratosphère is 

rf«(0,) 

+ 
2A:3 y3 2,„ J , , Ai(NO,)yMo,"| 

dt ' k2n{M)r. 

/ C 2 / j ( M ) « ( 0 2 ) L "(Os)/! J 

+ fl,«(HO,) + a,MH20,) + 2 6 3 « ( N O , ) ] | 

= 2 n ( 02 ) y , + n ( N O ) [ 2 y N o + 62 , n ( M ) « ( O H ) 

+ *29«(H02) + cMCH.O^)] + P ( N ) 

+ « ( H N 0 3 )627 " ( O H ) - / 7 (HN02)yoH-No (148) 

Such an équat ion can represent disturbed condit ions m the 

s t ra tosphère when the photodissociat ion rate of NO2 is noi 

negligible in compar ison with the pholodissociat ion rate of 

ozone. In the normal s tratosphère, it may be assumed that 

«(N02)yNQ, < «(03)y3 (149) 

and the gênerai équat ion (148) can be simplified as follows; 

dn(0,) , 2k, J , 2,p, , 

dt / l- ,«(M)/i(02) 

+ 
y . 

k.n{M)n{02) 
[û5«(OH) 

+ « ^ « ( H O j ) + a3in (H202) + 2/f3«(NO)] 

= 2 « ( 0 2 ) y 2 + « ( N O ) [ 2 y N o + 6 , , « ( M ) « ( 0 H ) 

+ 629/î(H02) + C5«(CH302)] + P ( N ) 

+ « ( H N 0 3 ) 6 2 7 n ( O H ) - « ( H N O 2 ) y o n - N o ( 1 5 0 ) 

Since JJk2n(M)n(02) increases with height, the effective 

action (h^) of N O j on the ozone concentrat ion cannot reach its 

principal action in the lower stratosphère (below 20 km) . In 

Ihis région the efTect of reactions and Oec dépends on the 

absolute value of the O H and HO2 concentrat ions which is 

difficult to détermine. Il seems therefore that there is no t yet 

an answer to the question of what the exact parts of t r anspor t 

and chemisiry are in the ozone behavior below its concentra-

tion peak. 

Another remark may be made here if we consider the 

product ion term in the gênerai équat ion (146). There is, in ad-

dition to the normal product ion by molecular oxygen 

2 n ( 0 2 ) y 2 . other terms which are of the same order of magni-

tude in the lower s t ra tosphère . Spécial at tention is part icularly 

required when there is an artificial injection of nitric oxide and 

water vapor into the s t ra tosphère . In part icular , the following 

term 

« ( H 0 2 ) [ * 2 . n ( N O ) - 6 2 8 « ( N 0 2 ) ] (151) 

must be introduced as an addit ion to the ozone produc t ion ; 

but an exact knowledge of b^t and particularly of b^, is re-

quired. 

Finally, the rat io « ( 0 H ) / r t ( H 0 2 ) , which must be known in 

order to détermine the concentra t ion of the hydroxyl and 

hydroperoxyl radicals (see équat ions (88) and (90)), is given, 

with the effect of nitrogen oxides, by 

n(H02)[a^n(0,) + a-,n(0) + a ,7"(OH) + 2 u 2 , / ! ( H 0 2 ) 

+ / ) 2 ^ ( ( N 0 ) -I- / ' 2 8 ' ! ( N 0 2 ) ] = / i ( 0 H ) [ a 5 " ( 0 ) + a ^ O , ) 

+ £/,9/i(H2) + ûso/KHjOa) + a3«n(CO) 

+ (-.«(HjCO) + f jA 'n(CH.) ] (152û) 
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and. afler having introduced various numerical values, keep-

ing only the principal terms for Ihe s tratosphère, by 

{\52bl 

/ ; ( H 0 j ) K " ( 0 3 ) + aMO) + b,^{,f<0)] 

= /7(OH)[û5«(0) + a,n(0,) + a a ^ ( C O ) ] 

The addit ional effect of nitric acid leads to an addit ional term 

in équation (88) or (90) which gives the O H concentrat ion, if 

the ratio n ( H 0 2 ) / r t ( 0 H ) is known. T h e équat ion , which must 

be applied to the s t ra tosphère, may be writ ten 

/!(OH)[/7(H02)a,7 + « ( H N O , ) * ^ ] 

a*n(0*) « ( H , 0 ) + « ( H , ) + ^ - ± _ Z / î ( C H 4 ) 

n(CH,)n(PH) (153) 

w h e r e X > \ , a c c o r d i n g to (86) . 

Figure 9 [Nicolet, 1974] shows the impor tance of the reac-

tion ( a „ ) (OH + H O j - H2O + O2) if the rate coefficient 

reaches 2 X 10"'° c m ' s " ' . Nevertheless, the action of nitric 

acid must be int roduced and should détermine strong 

géographie variat ions associated with the variation of the 

t ropopause , as can be seen f rom an analysis of the H N O 3 

behavior in the lower s t ra tosphère . 

Fur the rmore , the differential équat ion for nitric oxide must 

be written as foilows: 

dnÇNO) 

dt 
+ « ( N O ) [ y N o + è 2 « ( M ) « ( 0 ) + è „ « ( N ) 

+ 6 4 ^ ( 0 3 ) + 6 , , « ( N 0 3 ) 

+ 6 2 , « ( M ) « ( O H ) + b^^UO,) + c^^nCCHsO,)] 

6 i « ( M ) n ( 0 ) « ( N ) + 2bM^)nÇtiO^) 

+ ^ « ( N ) « ( 0 ; ) + « ( N O , ) / n o , + 63 / i (0 )« (N02) 

+ « ( H N O j y o H - N o + ^ ( N O ) (154) 

where / ' ( N O ) is the direct product ion of nitric oxide 

molécules. 
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Fig. 9. Examples of possible profiles (percentages) of various 
terms determining the concentrat ion of hydroxyl radical, using profiles 
of Figures 4 and 5. The effect of C H , corresponds to a certain value X 
which was obtained in 1973 for the photodissociat ion of formaldehyde 
Hj + CO and H + C O H , and its effect is very sensitive to the value of 
X used. 

By combining ail equil ibrium équa t ions involving N 2 O 5 

(136), NO3 (137), HNO2 (138), NO2 (139), and N (137), with 

the differential équa t ions (145) and (154) involving HNO3 and 

N O , respectively, we can write the differential équa t ion for 

odd nitrogen; 

dt dt 

= P ( N ) + / " ( N O ) - 2 M ( N ) n ( N O ) ( 1 5 5 a ) 

or, introducing the equil ibrium value (140) for the a tomic 

nitrogen concent ra t ion , 

rf«(NO) ^ « ( H N 0 3 ) » ' ( N O ) 

dt ^ dt ^ M ( N O ) + M ( 0 2 ) 

67/1(02) - fe6"(NO) 

bM02) + 69«(NO) 
/ ' ( N ) + P ( N O ) ( 1 5 5 è ) 

where 

M ( 0 2 ) > M N O ) 

Let us use the rat io 

n ( N O „ ) / « ( N O ) = R 

(155f ) 

( 1 5 6 a ) 

where 

K N O y ) = « (HNOs) + n ( N O ) (1566) 

in order to write (1556) as foilows [Brasseur and Nicolet. 1973]: 

a ^ ( N O „ ) , , nÇHO,) 

dt ' R[bM^O,) + RbMO^)] 

+ div * ( N O J = . 0 ^ -L t. /-xir. ^ ^^^^ + ^ ( N O ) 
RbMOi) + M ( N O „ ) 

(157) 

if the control by eddy diffusion t ranspor t is in t roduced. 

Taking into account condit ion (155c) and considering thaï 

the product ion / ' ( N ) is compensa ted for by the rapid t ransfor-

mation of N in N O under normal condi t ions , the following 

équat ion pertaining to the variat ion of NOy can be writ ten as 

foilows at the s t ra topause level, where N O y = N O and Jno"^ 

0: 

a n ( N O ) , 2 6 « / n o 

dt 6 7 1 ( 0 2 ) 

and in the lower s t ra tosphère 

a n ( N O „ ) 

n ' ( N O ) + d i v $ ( N 0 ) = P ( N O ) ( 1 5 8 a ) 

dt 
+ d iv $ ( N 0 „ ) = / " ( N O ) (1 586) 

since ̂ NO = 0; the pholodissociat ion of nitric oxide plays an 

impor tant rôle in the mésosphère, a reduced rôle in the upper 

stratosphère, and a negligible rôle in the lower s t ra tosphère . 

Thus the ni trogen oxide concent ra t ions , and part icular ly 

those of HNOs, N O , and NO2, must dépend on a tmospher ic 

condit ions in the lower s t ra tosphère (see Figure 10) [Brasseur 

and Nicolet, 1973], and their behavior will be related to the 

variation of the t ropopause . T h e action of the advect ion and 

various dynamic processes at the t ropopause level must 

modify the lower bounda ry condit ions, which must be known 

in order to résolve (1586). As far as HNO3 is concerned , it is 

soluble in water in the t roposphère [Stedman et al., 19756], and 

file://{/52bl
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Fig. 10. Examples of vertical transport of NO and HNO, for arbitrary conditions of eddy diffusion coefficients K^,^ 
and A.m,„ and upper and lower boundary conditions at 100 and 15 km; upward and downward currents are shown by NO at 
the stratopause and by H N O 3 at the tropopause, respectively. 

ils lower boundary conditions are defined by its tropospheric 
behavior. 

It is clear that, at the présent time, it is extremely difficult to 

have a correct view of the various processes involved in the 

détermination of the vertical distribution of ozone in the lower 
stratosphère and also of the absolute value of its concentra-

tion. In particular, the ratio n{OH)/n(HOi) is related to «(NO) 
and ^i(CO) in the lower stratosphère, while «(HNOa) dépends 

on n{OH), and n(OH) is not independent of « (HNOj) . 

R E A C T I O N S IN A C H L O R I N E - N I T R O G E N - H Y D R O G E N - O X Y G E N 

A T M O S P H è R E 

As was mentioned in the introduction, the rôle of chlorine 

compounds as catalysts for the destruction of odd oxygen in 

the stratosphère must be considered. Since the proposai made 

by Slolarski and Cicérone [1974] of a sink for stratospheric 

ozone by the oxides of chlorine, CIO,, a first publication by 
Molina and Rowland [1974a] has shown the possible ac-
tion of the chlorofluoromethanes, in particular of the 
trichlorofluoromethane, C F C I 3 [Lovelock. 1971, 1972, 1974; 

Lovelock et ai. 1973; Wilkniss et al.. 1973, 1975fl], and of the 

dichlorofiuoromethane, CFjCIj [Su and Goldberg, 1973], 
which are observed in the troposphère. The action of Fréon 
production [McCarihy, 1974] on stratospheric ozone has been 
analyzed in différent ways by several authors [Rowland and 

Molina. 1975; Crulzen. 19746; Cicérone et al.. 1974, \915b: 

Wofsy et ai, 1975]. Another publication by Molina and 

Rowland [1974è] on the stratospheric photodissociation of the 
Carbon te t rachlor ide molécule, CCI,, observed in the 
troposphère [Lovelock et al., 1973, 1974; Murray and Riley. 

1913: Su and Goldberg. 1973; Wilkniss et ai. 1973, \915b;Sim-

monds et ai. 1974], shows that such a constituent, which is 
perhaps partiy of natural origin, is photodissociated in the 
stratosphère and could play a certain rôle in the destruction of 
stratospheric ozone. Finally, the action of chloromethane, 
CH,CI, has been introduced very recently by Cicérone et al. 

[1975o] and must be considered al the présent time as the 

principal halocarbon of the atmosphère, since its natural con-

centration is relatively high [Lovelock. 1975; R. A. Rasmussen. 
private communication, 1975]. 

The problem of chlorine species in the stratosphère begins 
after their transport from the troposphère by their photodis-

sociation in the ozonosphère. Among the various dissociation 

processes, we may consider the following: 

Cl, + hv{\ < 483 nm) - 2CI (159a) 

is photodissociated in the stratosphère and troposphère by 

radiation of X > 300 nm [Seery and Britton. 1964] and cannot 

be an important minor constituent. 

{d,,) HCI -I- M X < 220 nm) - H + Cl (1596) 

is photodissociated for wavelengths shorter than 300 nm 
Laboratory measurements [Romand, 1949; Myer and Samson. 

1970] which have been made between X = 207 and 139 nm in-

dicate that the dissociation of hydrogen chloride can only oc-

cur in the stratosphère. 

(du) CIO + hv(\ < 263 nm) - Cl + O (159f) 

The continuous absorption occurs beyond 263 nm [Durie 

and Ramsay. 1958], but there is a predissociation at 290 nm in 
the (7 - 0) band. The total photodissociation is therefore not 
easy to détermine. With the cross sections as given by Johnston 

et al. [1969], it may be concluded that the CIO photodissocia-
tion is related to the stratospheric ozone concentration. 

The absorption cross sections for photodissociation of 
Fréon have been determined by Rowland and Molina [1975] 
after earlier measurements by Doucei et al. [1973]; the domi-
nant photochemical process is 

(d^) CFCl , + hv{X < 226 nm) - CFCl , + Cl (160a) 

for which laboratory measurements [Marsh and Heicklen, 

file:///915b
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1965; Jayanty et al., I975ft] indicate that the quantum yield is 
unity. 

For CFjCIj , very récent results by Milstein and Rowland 

[1975] and Jayanty et al. (1975/)], after détermination of the 
absorption cross sections [Rowland and Molina, 1975], indicate 
lhat 

(d„) CFîCi , + hi>(\ < 215 nm) - CFjCI + Cl (\60b) 

l'or which the quantum yield is unity for the photooxidation 

by 184.9- and 213.9-nm photolysis in the présence of Oj . Thus 
both C F C I 3 and C F 2 C I 2 absorb solar radiation in the 
stratosphère and cannot be photolyzed in the troposphère. 

The photodissociation of carbon tetrachloride occurs aiso in 

the stratosphère, according to the absorption cross section 

values as measured by Molina and Rowland [1975] and a 
photolysis study by Dauis et al. [1975]. The dominant 
photochemical process should be at relatively low pressure, ac-

cording to Jayanty et al. [I975û]. 

C C I 4 + - CCI, -I- Cl, (161a) 

and at high pressure the process 

W,,,) CCU + - CCI, + Ci (1616) 

may occur. 

Other f iuorocarbons should aIso be studied; but an exact 
knowledge of their ultraviolet absorption spectrum is also re-
quired in order to dé termine the a tmospher ic région 
(stratosphère, mésosphère, or thermosphère) where photodis-
sociation can occur. A récent survey by C. Sandorfy (un-
published manuscript, 1975) shows that the photchemical 
behavior in the stratosphère of the various fiuorocarbons dé-
pends on the number of chlorine (and bromine) aloms. 
Molécules like CH,C1 [Russell et al., 1973] and other 
chloromethanes must be studied with their photodissociation 
processes and subséquent reactions in the stratosphère. 

A detailed analysis of the various Cl productions, after the 
release of the first atom in the direct photolysis step, is re-
quired for each compound C F C I 3 , CFjClj , and CCI, in order 

to détermine the vertical distribution of the secondary chlorine 

compounds in the stratosphère. 

When a chlorine atom is produced, it reacts immediately 

with stratospheric ozone, the resuit being chlorine monoxide; 

(di) Cl -f- O3 - CIO 4- O2 -H 39 kcal (162a) 

with a rate coefficient (D. D. Davis and R. T. Walson, private 

communication, 1975) 

t/j = (3.6 ± 0.4) X 1 0 - " ? - c m ^ s" ' (1626) 

between 220 and 298 K. 
The CIO radical is subject to two rapid bimoiecular reac-

tions in the stratosphère; 

(c/a) CIO -t- O - Cl -H O j -(- 55 kcal (163a) 

with a reported rate coefficient [Bemand et al., 1973] 

d, = 5.3 X 1 0 - " cm' s - ' (1636) 

and 

(d,) CIO N O - Cl -h N O j -(- 9 kcal (164a) 

with a rate coefficient [Clyne and Walson, 1974] 

dt = 1.7 X 10 -" cm ' s - ' (1646) 

bimoiecular reactions with various stratospheric molécules 
such as CH, . H,, H O „ HjOj, and HNO3. 

The first reaction, which has been considered b\ Molina and 

Rowland [1974a], Stolarski and Cicérone [1974]. and Wojsv 

and McElroy [1974], is 

(d,) Cl + C H , - CH3 + HCl + 0.6 ± 2.4 kcal (165a) 

for which the rate coefficient has been measured between 218 
and 350 K by D. D. Davis and R. T. Watson (private com-
munication, 1975) as 

d, = (5.0 ± 0.5) X lO- 'V- " ' * î " cm' s ' (1656) 

The reaction with molecular hydrogen 

(rf.) Cl H, - H -(- HCl - 1 kcal ( I66û) 

\taàs.\.od,= I . 4 X 10"" at 298 K [£ )am a/., I 9 7 0 ] a n d d o e s 

not yel lead 10 a well-defined value of the activation energy A 
working value between 195 and 496 K [Clyne and ^alker 

1973] can be adopted. 

d , = 5 . 6 X I 0 - " e . - " » o r j , j „ 3 s 1 , K , ^ , ^ , 

No laboratory measurements have been made for the reac-

tion of Cl with H O 2 , H 2 O 2 , and H N O j , and values that have 
been used [Wojsy and McElroy. 1974; Crutzen, 19746: Molina 

and Rowland. 1975] are estimâtes obtained by comparison with 
other reactions; 

(d,) Cl -(- H O j - O2 + HCI -1- 46 kcal (167a) 

with 

= I X 10-" to 10-'° cm' S-' (1676) 

and 

(d>) Cl + H 2 O 2 - HCl + H O 2 + 16 kcal (168a, 

with the value of the rate coefficient assumed to be [Molina ana 

Rowland, 1975] 

d, = 10 X O30 (1686) 

i.e., 10 times the rate coefficient of OH with H 2 0 2 . 

In addition, 

{d,) Cl + H N O 3 - HCl + N O 3 + 2 kcal (169a) 

also with the value of the rate coeflScient assumed to be 
[Molina and Rowland, 1975] 

rf, = 10 X 62, (1696) 

i.e., 10 times the rate coefllcient of O H with HNOs. 

Hydrogen chloride molécules, which are formed by ail the 
reactions (165) to (169), but particularly by reaction (165), 

may react in a bimoiecular process such as 

( i / , o ) HCl + O - Cl + O H - I kcal (170a) 

with a rate coefficient [Brown and Smith, 1975] of 

= 5 X iO-"e-"«" ' " cm ' s - ' (1706) 

The other reaction which plays a rôle at stratospheric level is 

(rf,,) HCl + OH - Cl -(- H2O + 16 kcal (171a) 

for which there are excellent laboratory measurements over a 
large range of températures (213-478 K.) Smith and Zellner 

[1974] and Zahnizer et al. [1974] leading to an average value 

When a chlor ine a tom is p roduced , it may react by ( /„ = 3 X 1 0 - " e - " » " " c m ' s - (1716) 
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Il we consider the first 10 reactions (( 161 H 171 )) involving 

simple chlorine compounds with the various product ion 

processes by photodissociation ( ( I59)- ( I60)) , we may write for 

chlorine monoxide; 

/ j ( C I O ) [ 7 r i o + dMO) + rf4«(NO)] = dMC\)n(0,) (172) 

since dn{C\0)/di = 0 in stratospheric condit ions where ^ , « ( 0 ) 

- J , ; / (NO) > 10^' s '. It is therefore possible to deduce the 

ratio M(C10)/^(CI) and to détermine the concentrat ion of 

chlorine a toms by 

n(C\)[dMO,) + dMCH,) + dMHi) 

+ rf:«(HO,) + dMH.O,) + rf,n(HN03)] 

= n(HC\)[J„c> + d,on(0) + c / „ « ( O H ) ] 

+ n(CL)Jr,. + n(C\0)Jcio + n(CFCU)JcTcu 

+ n(CF,CU)JrF.ru + n ( C C U ) 7 r r , , + � � � (173) 

since din(0,) > 10 ' s ' in the stratosphère. Thus the practical 

équat ion for the détermination of the Cl concentrat ions is 

n{C\)d,n{0,) = P(C\ ( 1 7 4 ) 

where P(C1) involves ail possible product ion processes of 

chlorine atoms. 

Hydrogen chloride cannot be considered to at tain a steady 

stale in the stratosphère. The équation governing the rate of 

change of the concentrat ion n(HCl) is 

dn(HC\) 

dt 
+ n ( H C l ) [ 7 „ r , + rf,o«(0) + rf„«(OH)] 

= « ( C l ) k , n ( C H 4 ) + <^8/i(H2) + dMno^) 

+ rf,n(HA) + rf»n(HN03)] (175) 

It is not possible to write condit ions for the day equil ibrium, 

since ail terms, ^HCI. diMO). and t/,,/i(OH), are too small. as 

can be seen when the numerical values of the various 

parameters involved are introduced. In fact, t ranspor t must be 

involved, and the form which must be normally used in studies 

of the stratosphère for HCl is 

a n ( H C I ) 

fit 
d i v [ « ( H C D H - C H C I ) ] 

+ « ( H C l ) [ 7 „ c , + d,MO) + rf„«(OH)] 

= n{C\)[dMCU,) + d,nW,) + û , n ( H O j ) 

+ dM^,0,) + rf,«(HNO,)] (176) 

for which the lower boundary condit ions must play an impor-

tant rôle near the t ropopause, since a rapid removal occurs by 

iropospheric rainoul. Thus hydrogen chloride should lead to 

the normal loss process of stratospheric chlorine. Observat ions 

are required t he re fo re at var ious la t i tudes above the 

t ropopause; at the présent time, measurements have been 

made only by Lazrus et al. [1975], who found an increase of 

the HCl mixing ratio f rom the t ropopause of less than 10" to 

about 4 X 10 '° above 25 km. 

The catalytic removal of ozone by chlorine compounds oc-

curs by the simultaneous action of 

(d,) 

and 

Cl + O , - CIO + o. 

CIO + O - Cl -H o, 

(162) 

( 1 6 3 ) 

which is counterbalanced at lower levels by 

(d,) CIO + N O � Cl + NO, 

Thus the additional terms to be added to the gênerai equatmn 

govern ing the ra te of the concen t ra t ion ^ (O, i m the 

stratosphère are 

5 « ( a ) ^ [MO,)w(0,)] + ��� 

+ « ( 0 , ) r f , « ( C l ) + n{0)dMC\0) = P(0) ( 177 ) 

dt 

where P{0) represents the various production procc»se> (sec 

équat ion {150)). If we introduce condition ( 172 ) m i 17'' i thi> 

équat ion can conveniently be written 

dt 
+ d iv [ « ( O K O a ) ] + � � + 2n(0,)d,n(C\) 

= P(0) + n ( C 1 0 ) [ 7 c i o + rf4i(NO)] (178 ) 

The form shown in (178) and illustrated m l-igurc I I m 

dicates how ch lor ine a t o m s lead to the r e m m a l ol 

stratospheric ozone. A concentrat ion of chlpnne atoms of ih t 

order of 5 x 10' leads to a loss rate of 2 x '^(OJ) cm ' s 

However. when the Cl concentrat ion is reduced to less than l(f 

cm the lifetime of an ozone molécule is still ol the order ot d 

year On the other hand, the product ion term (i«n(N0)«(C IC), 

must be considered. since, for CIO concentrat ions of the ordei 

of 10' or 10* cm it leads to a product ion process of odd ox-

ygen of not less than 10 'o r 10 'cm '. respectively In other 

words. the effect of nitric oxide on chlorine monoxide is i.' 

reduce the action of the catalytic cycle involving Cl wiih (), 

(162) and CIO with O (163) which removes odd oxygen Irom 

the stratosphère. Thus a detailed analysis with exact rate 

coefficients is still required before the aeronomic behavior o! 

Cl compounds can be determined with enough accuracs The 

concentrat ions of hydrogen and nitrogen compounds should 

be known. at least within a factor of 2. and at présent iht com-

plexity of the chlorine-nitrogen-hydrogen-oxygen atmosphère 

gives only a gênerai indication of the situation Reliance can-

not yet be placed on précise quanti tat ive features such as the 

exact percentage of réduction of stratospheric ozone 

Before ending this preliminary analysis of the chlorine 

processes, it must be pointed out that the action ol CIO on N O 

(reaction (163)) must be compared with the action ol O, .m 

N O (réaction (94)). The best approximat ion (96) to the ratio 

« ( N 0 2 ) / i ( N 0 ) should be modified if CIO plays a rôle and 

. NC 

Fig. Il Genera l reaction scheme in which are s imultaneousK m 
volved the chlorine, nitrogen, and hydrogen radicals (a toms or 
molécules) related directly lo the p roduc t ion and loss of odd oxygen in 
the s t ra tosphère . 
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would then be written 

« ( N O , ) _ bMO) + bMOs) + dMC\0) 

« ( N O ) ~ A o , + bMO) 

or, in the major par t of the s t ra tosphère , 

n ( N O , ) b,n(0,) + dMC\0) 

n ( N O ) JNO-

(179) 

(180) 

With a concentra t ion n{C\0) > 5 X 10* c m " ' , it is possible to 

Write 

dMClO) > bMO,) (181) 

i.e., that the ratio / ? ( N 0 2 ) / « ( N 0 ) , which is well-defined in a 

nitrogen-oxygen s t ra tosphère , may change in a chlorine-

nitrogen-oxygen a tmosphère , the indicat ion being that there is 

a strong interaction between C l O j and N O i cycles in addit ion 

to the interaction with the H O , cycle. 

If we extend the chlorine oxide radical chemistry to chlorine 

peroxide and trioxide, o ther react ions must be introduced: 

Cl + O , + M - C l O O + M (182o) 

with, at tempéra tures between 200 and 300 K. [Clyne and Cox-

on. 1968], 

du = 5.5 X 1 0 - " n ( M ) c m ' s" (1826) 

A calculation by Watson [1974] gives the variation with height 

of the reverse reaction 

C l O O + M Cl + O, + M (182c) 

di2r increases f rom 2 X 1 0 " " c m ' s " ' in the lower s t ra tosphère 

to about 10"" at the s t ra topause level. 

We may aiso have [according to Simonaitis and Heicklen, 

19756] 

(d„) Cl + O , + Oa - C I O , + O2 (1830) 

where, at 300 K, 

= (4 ± 2) X IO""'«(Oj) c m ' s " ' (1836) 

The reaction between CIO and O , leads to 

(du) CIO + O3 - C l O O + O j (184a) 

CIO + Os - OCIO + O2 + 33 kcal 

where al 298 K [Davis et al.. 1973i/], 

d,,< 5 X 10"" c m ' S"' (1846) 

The photodissocia t ion of C l O O occurs only at X < 300 nm 

(<y„) C lOO + hi>(\ < 268 n m ) - CIO + O (185) 

and can exist only in the s t ra tosphère . T h e photodissociat ion 

of OCIO at X > 300 nm 

{d,e) OCIO + hHX < 375 n m ) ^ CIO + O (186) 

is related to a predissociat ion process tha t occurs at greater 

wavelengths than the dissociation con t inuum (X < 276 nm). 

The reactions of OCIO with O and N O are as follows: 

((/„) OCIO + O - CIO + O j + 61 kcal (187o) 

where [Beinand et al.. 1973] 

d„ = 5 X 1 0 " " c m ' S"' (1876) 

and 

(d„) 

where [Bemand et al.. 1973] 

d,s = 3.4 X 1 0 " " c m ' S"' (1886) 

On the other hand, the photodissocia t ion of CIO, leads to 

, , ^ CIO, + M A < 350 n m ) - CIO + O , 

(Cita) (loy) 
CIO, + hviX < 350 n m ) ^ OCIO + O 

This process leads to a rapid photodissocia t ion [Simonaitis and 

Heicklen. 19756] if the absorp t ion cross sections by Goodeve 

and Richardson [1937] are used. However , according to 

Simonaitis and Heicklen [19756], the p roduc t ion of perchloric 

acid must be considered: 

(d^o) CIO, + O H - H C I O . (190a) 

with a rate coefficient which could be of the order of 

^20» = 2 X I 0 - " c m ' S"' (1906) 

leading lo a possible removal of s t ra tospher ic chlorine. 

In addit ion to the reactions which should be in t roduced for 

a discussion of c o m p o u n d s such as CIO2 and CIO, (react ions 

(182) to (190)), o ther reactions may be considered. However , 

the rôle they play canno t be compared with those of ail proces-

ses, (162) to (190), which have been discussed. A list is given 

without any discussion even when the reaction is rapid: 

{d,t) H + OCIO ^ O H + CIO (191) 

(di,) H + HCI - H j + Cl (192) 

(d„) H + CI2 - HCl + Cl (193) 

(di,) Cl + Cl + M - e u + M (194) 

(d,,,) Cl + C l O O - 2CIO (195a) 

(d,,,) Cl + C l O O CI2 + O2 (1956) 

{d,,) Cl + OCIO 2 C I 0 (196) 

(.d„) CIO + CIO - Cl + OCIO (197) 

(d,,^) CIO + CIO - Cl + C l O O ( l98o) 

(.d„,) CIO + CIO - CI2 + O2 (1986) 

id,,) CIO + CIO + M - CI2 + O2 + M (199) 

Finally, react ions [Sandoval et al.. 1974; Pitts et ai. 1974; 

Jayaniy et al.. 1975o, 6] such as 

(̂ /,c 0 ( ' D ) + CCU - CCI, + CIO (200a) 

0 ( 'Z ) ) + C F C I , ^ CFCU + CIO (2006) 

OCIO + N O - CIO + NO2 + 15 kcal (188a) 

may be considered. Values of the rate coefficient d^o are of the 

o r d e r o f ( 3 ± l ) X 1 0 " ' ° c m ' s " ' . There is t h e r e f o r e a very small 

effect on the a tmospher ic sink of fluorocarbons. In addi t ion , 

the reactions (with their exact activation énergies) of the 

va r ious i i a loca rbons with the hydroxyl radicals should also be 

considered with their various products in order to know the 

exact t ropospher ic and s t ra tospher ic sinks. F o r example , a 

lifetime of a year (lo reduce the ha locarbon concen t ra t ion to 

50% of ils value) requires a rate coefficient of abou t 5 X 1 0 " " 

c m ' S"' if the O H concentra t ion is of the order of 10" c m ' s " ' 

(daytime, g round level at 300 K) . In the lower s t r a tosphère the 

lifetime would be of the order of 5 yr when O H has the same 

concentra t ion. 

At the présent time, there are still other possibilities of 

chlorine intrusion inlo the s t ra tosphère [Cicérone et al., 1975]. 
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TABLE 2. Basic Reactions Involved in the Détermination of the 
Ozone Concentration in the Stratosphère 

Oxvopn Atmnçnhprp 

Equation 
Number Reaction 

Rate 
Coefficient 

(2) 
(3) 

Oj + /il- - O + O 
0 , + /ir - 0 + O, 
O3 + hu(\ < 310) - 0 ( ' £ ) ) + O, 
O + O 2 + M - 0 , + M 

0 + O j - 2 0 , 
( * . ) 

(A,) 

Hydrogen-Oxygen Atmosphère 

Equation 
Number Reaction 

Rate 
Coefficient 

11 1 1 

112) 
(15) 
(17) 
(16) 
1161 

H + 0 , + M ^ H O 2 + M 
H ^ 0 , - OH + 0 , 
0 + OH - H + 0 , 
0 + HOj - 0 , + OH 
OH + 0 , - HO, + 0 , 

HOï + 0 , > OH + 2 0 , 

(û,) 

(<>�) 
(a.) 
(«.) 
ia*) 
(««) 

(129) 
(56) 

For Ratio nlOHi/nlHO,l 
N 0 + H O , - O H + NO, 
CO + OH - H + CO, 

(OM), ( i „ ) 

(au) 

(29) 
(44) 
(61) 
(62) 
(64) 
(65) 
(76) 
(67) 
(67^ 

For Production of OH 
0{'D) + H , 0 - OH + OH 
0 ( ' 0 ) + H, - H + OH 
0 ( ' D ) + CH, - C H , + OH 
OH + CH, - CH, + H , 0 
CH, + 0 , + M - C H , 0 , + M 
C H , 0 , + N O - CH.O + N O , 
C H , 0 , + HO, - C H , 0 , H + 0 , 
H,CO + /i^ - HCO + H - CO + 2 H O , 

H,CO + A;. - H, + CO 

(Ou) 
(<i«) 
(C) 
(c.) 
M 
( f . ) 
(f . . ) 
(f7a) 
(c«) 

(34) 
(127) 

For Loss of OH 
OH + HO, - 0 + H , 0 
OH + H N O , - NO, + H , 0 

(««) 

Nitrogen-Hydrogen-Oxygen Atmosphère 

Equation 
Number Reaction 

Rate 
Coefficient 

(93) 
(94) 
(95) 

0 + NO, - N O + 0 , 
0 , + N O - NO, + 0 , 
NO, + /if ^ N O + 0 

(*.) 
(64) 

(*.) 

(122) 
(135) 
(110) 

For Production and Loss of Nitrogen Oxides 
NO, + OH + M - H N O , + M 
H N O , + /IV - OH - NO, 
NO, + /iK - NO, + 0 

( * » ) 

(�^HNOs ) 

(̂ NCA, ) 

Chlorine-Nitrogen-Hydrogen-Oxygen Atmosphère 

Equation 
Number Reaction 

Rate 
Coefficient 

(162) 
(163) 
(164) 

Cl + 0 , - CIO + 0 , 
ClO + O - C l + 0 , 
CIO + N O - Cl + N O . 

(rf.) 

(d,) 

(I65)-(169) 
(170) 
(171) 

For Production and Loss of H Cl 
Cl + C H „ � � - HCl + � � 
0 + HCI - Cl + OH 
OH + H C 1 - C 1 + H , 0 

(d.Hd.) 

Wn) 

F o r e x a m p l e , an e s t i m a t e wi th the p résen t effect of C F , C I,, 

CFCI3, a n d CC1< c o u l d iead to a m i x m g r a t i o of t he o r d e r of 4 

X 10 - ' ° f o r CIA' (Cl + H C l + C I O ) at and a b o v e the o z o n e 

p e a k . A c c o r d i n g to t he s a m e a u t h o r s . a g r o u n d level s o u r c e ol 

2 .6 X 10' c h l o r o m e t h a n e mo lécu l e s cm ^ s ' with an u p w a r d 

flux of 1.7 X 10* c m ' ^ s ' at the 15-km level wou ld leud wi th 

th is a d d i t i o n a l efTect, t o a t o t a l CIA" mix ing ra t io not lar ircm 

10" ' , i.e.. 8 X lO '» a b o v e 30 k m . Such c o n d i t i o n s c o r r c 

s p o n d to a c o n s t a n t mix ing r a t i o of CH3CI at g r o u n d level oi 

4 X 10 '° wi th a poss ib le a b s t r a c t i o n reac t ion i n v o K i n g O H 

[Cicérone et al.. 1975] wi th v a r i o u s subséquen t r é ac t i ons 

[Sanhueza and Heicklen. 1975]. F u r t h e r m o r e , ver \ récent ob 

s e r v a t i o n s ( D e c e m b e r 1974 to Apr i l 1975) by Lovelock | I 9 ' ' S | 

Iead to a m e a n mix ing r a t io of t he o r d e r of 10 " Such a high 

c o n c e n t r a t i o n of c h l o r o m e t h a n e with a c o r r e s p o n d i n g t r o p o -

s p h e r i c l i fe t ime of 0 .37 yr , a c c o r d i n g to Lovelock |l*57sl m 

d ica t e s tha t it is t he mos t i m p o r t a n t s t r a t o s p h è r e ^ h l o r i n t 

s o u r c e p r o d u c e d by the b i o s p h è r e . 

In c o n c l u s i o n , if t h e mix ing r a t i o of o d d ch lo r ine t e n d s ii ' 

r e a c h 10" ' , a very préc ise ana lys i s is r e q u i r e d , s ince the effi-

c iency f o r o z o n e dep l e t i on by the m e c h a n i s m din(C\)n{03> 

cm ' s ' m u s t be c o n s i d e r e d at the p r é s e n t t ime in the up-

p e r s t r a t o s p h è r e ( > 3 5 k m ) , w h e r e t h e m e c h a n i s m 

d,n(C\0)n(f<0) cm ^ s ' c a n n o t c o u n t e r b a l a n c e its e f fec t s . 

as it can in the lower s t r a t o s p h è r e ( é q u a t i o n ( I 7 2 ) i A 

Cl c o n c e n t r a t i o n g r e a t e r t h a n 5 x 10* cm ^ a n d r e a c h i n g 10° 

c m " ^ w o u l d Iead to o z o n e r e m o v a l a c c o r d i n g the m e c h a n i s m 

2^/2«(CI)«(Os) c m ' s ' , w h i c h will c o m p e t e w i t h t h e 

m e c h a n i s m s 2 i , « ( 0 ) « ( N 0 2 ) a n d 2a i sn (0 )n (OH ) in t he u p p e r 

s t r a t o s p h è r e a n d at t he s t r a t o p a u s e level, respect ively 

F ina l ly , it can b e said t ha t in t he d e v e l o p m e n t of a s i m p l e 

Chemical System fo r d e s c r i b i n g the o z o n e d i s t r i b u t i o n m the 

s t r a t o s p h è r e , a m i n i m u m n u m b e r of r e ac t i ons is needed T a b l e 

2 s h o w s t h e p r i n c i p a l r e a c t i o n s wh ich c a n n o t be o m i t t e d 

F u r t h e r m o r e . in a d d i t i o n to thèse reac t ions , which a re 

p r e s e n t e d u n d e r success ive h e a d i n g s fo r a p u r e oxygen at-

m o s p h è r e a n d t ha t a t m o s p h è r e wi th the a d d e d e f fec t s of 

h y d r o g e n c o m p o u n d s , of n i t r o g e n c o m p o u n d s . a n d of c h l o r i n e 

c o m p o u n d s , it is necessa ry to i n t r o d u c e t h e p r o d u c t i o n p r o c e s -

ses of m o l e c u l a r h y d r o g e n , t he v a r i o u s m e c h a n i s m s w h i c h Iead 

to n i t r i c ox ide in the s t r a t o s p h è r e , a n d the d i s soc ia t ion p r o c e s -

ses of F r é o n s , c a r b o n t e t r a c h l o r i d e , a n d c h l o r o m e t h a n e w hich 

g ive c h l o r i n e a t o m s . F ina l ly , d e p a r t u r e s f r o m chemica l e q u i 

l i b r ium c o n d i t i o n s m u s t be t a k e n i n t o a c c o u n t , pa r t i cu la r ly fo r 

H , a n d C H , , N O a n d H N O s , a n d H C l , for which t r a n s p o r t 

p l ays a rôle. It s h o u l d be n o t e d t ha t it is n o t suff icient to c o n -

s ider s t eady s t a t e c o n d i t i o n s even invo lv ing t r a n s p o r t m t h e 

l ower s t r a t o s p h è r e , s ince v a r i a t i o n s of t h e t r o p o p a u s e a re verv 

i m p o r t a n t . 

S O L A R R A D I A T I O N 

O u r k n o w l e d g e of so la r r a d i a t i o n in t h e u l t rav io le t w h i c h 

p l a y s a rôle in t he p h o t o d i s s o c i a t i o n of m o l e c u l a r o x y g e n is 

d u e t o rocke t a n d b a l l o o n d a t a . A t w a v e l e n g t h s longer t h a n 

240 n m the so lar b r i g h t n e s s t e m p é r a t u r e is genera l ly g r e a t e r 

t h a n 5000 bu t less t h a n 6000 K. T h e so la r c o n s t a n t is of t he 

o r d e r of 1.95 ± 0.01 cal cm^^ min ' o r 136 ± I mW c m ' 

[Labs and Neckel. 1971: Thekaekara. 1973; Witlson. 1973]. 

w h i c h c o r r e s p o n d s t o an ef fec t ive t e m p é r a t u r e of t he o r d e r of 

5770 ± 10 K . T h i s t e m p é r a t u r e is t he a b s o l u t e t e m p é r a t u r e 

of a b lack b o d y de r ived f r o m the S t e f a n - B o l l z m a n n é q u a t i o n 

c o r r e s p o n d i n g t o t h e case in w h i c h P l a n c k ' s law is a p p l i e d t e 

t h e w h o l e s p e c l r u m : 
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Fig. 12. Variation (in percent) of the solar flux corresponding lo the variation of the sun-to-earth distance: variations are 
6.6% between the first weel< of January and the first weelc of July 

(201) 

where ps(v) is the radiation density of frequency K h = 6.626 

X 10 " erg s. Planck constant; k = 1.381 x 10 " erg K ', 

Boltzmann constant; and c = 2.9979 X 10'° cm s" ' , velocity of 
light. 

At the top of the earth's atmosphère the radiation density 

Psiv) is reduced by the dilution factor 0s-

0, = RyAr' = 5.4 X 1 0 " (202) 

where R represents the solar radius and r dénotes the mean 
earth-to-sun distance. The variation with the earth-to-sun dis-

lance is shown in Figure 12 and corresponds to ±3.3%. The 

T A B L E 3. 

Num-

Solar Flux in the Spectral Région of the Herzberg 
Cont inuum of Oi 

ber* Al», cm ' \ , nm g, c m " ' s ' 

58 50,500-51,000 196.1-198.0 1.01 X 10" 
59 50,000-50,500 198.0-200.0 1.20 X 10" 
60 49,500-50,000 200.0-202.0 1.44 X 10" 
61 49,000-49,500 202.0-204.1 1.80 X 10" 
62 48,500-49,000 204.1-206.2 2.08 X 10" 
63 48.000-48,500 206.2-208.3 2.45 X 10" 
64 47,500-48,000 208.3-210.5 5.09 X 10" 
65 47,000-47,500 210.5-212.8 7.12 X 10" 
66 46,500-47.000 212.8-215.0 9.23 X 10" 
67 46.000-46.500 215.0-217.4 8.42 X 10" 
68 45,500-46,000 217.4-219.8 1.20 X 10" 
69 45.000-45,500 219.8-222.2 1.22 X 10" 
70 44.500-45.000 222.2-224.7 1.77 X 10" 
71 44,000-44,500 224.7-227.3 1.60 X 10" 
72 43,500-44,000 227.3-229.9 1.96 X 10" 
73 43.000-43,500 229.9-232.6 1.97 X 10" 
74 42.500-43.000 232.6-235.3 1.70 X 10" 
75 42,000-42,500 235.3-238.1 2.00 X 10" 
76 41,500-42,000 238.1-241.0 1.77 X 10" 
77 41.000-41,500 241.0-243.9 2.58 X 10" 

Pholons cm ^ s" ' for A» = 50O c m " ' at Ihe top of the ear th ' s 
a tmosphère for mean sun-to-earth distance. Solar flux data from 58 to 
72 are based on those of Simon [1974è] and from 73 to 77 on those 
of Broadjool [1972). 

* Nomencla ture used by Ackerman [1971]. 

maximum occurs in the first week of January and lead>> to 

i8s(max) = 5.59 x 10 » (202a> 

while the minimum occurs 6 months later in the first week ol 

July 

/3.s(min) = 5.23 x 10"' (202*) 

There is therefore a variation of 6.6% every 6 months m the 

solar flux reaching the top of the terrestrial a tmosphère The 
average value is reached during the first week of April and 
November. Such a variation of the solar flux must be taken 

into account when variations of the order of 10% or less are 
considered in aeronomic processes. In fact. the solar constant 

at the top of the earth 's atmosphère corresponds to the max 

imum value of 2.01 cal cm ' min ' in January and to the 
minimum value of 1.88 cal cm ' min ' in July 

As we go down the wavelength scale from 290 to 250 nm the 

brightness température decreases from 5500 to 5(X)0 K isee 

HERZBERG CONTINUUM 

SOLAR FLUX ( A v = 5 0 0 c m - ' ) 

X=200 nm 208 3 

i i 

5200 K -

SIOOK' 

5000 K-

(5000 

WAVE NUMBER Icm"') 

(100 

Fig. 13. N u m b e r of photons available at the top of the terrestrial 
atmosphère for the mean sun-to-earth distance between 244 and ! % 
nm. Values in c m " ' s " ' for Ai» = 500 c m " ' as given in Table 3 
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T A B L E 4. Solar Flux in the Spectral Région of the Hartiey 
Bands of O , 

TABLE 5. Solar Flux in the Spectral Région of the Huggins 
Bands of O j and Photodissocialion Continuum of NOi 

N u m -
ber* Su. cm ' AX, nm g. cm' S - ' 

77 41.000-41.500 241.0-243.9 2,58 X 10" 
78 40.500-41,000 243.9-246.9 2.35 X 10" 
79 40.000-40.500 246.9-250.0 2-38 X 10" 
80 39.500-40.000 250.0-253.2 2.28 X 10" 
81 39.000-39.500 253.2-256.4 3,24 X 10" 
82 38.500-39.000 256.4-259.7 5.83 X 10" 
83 38.000-38.500 259.7-263.2 4.89 X 10" 
84 37 500-38 000 263 2-266 7 1.19 X 10" 
85 37.000-37.500 266.7-270.3 1.29 X 10" 
86 36.500-37.000 270.3-274.0 1.17X 10" 
87 36.000-36.500 274.0-277.8 l . l l X 10» 
88 35,500-36.000 277.8-281.7 7.85 X 10" 
89 35,000-35,500 281.7-285.7 1.50 X 10" 
90 34,500-35,000 285.7-289.9 2.12 X 10" 
91 34,000-34,500 289.9-294.1 3.56 X 10" 
92 33,.500-34,000 294.1-298.5 3.33 X 10" 
93 33,000-33,500 298.5-303.0 3.08 X 10" 
94 32,500-33,000 303.0-307.7 4.39 X -10" ' 

Photons cm"^ s ' for = 500 c m " ' at the top of the ear th 's 
a tmosphère for mean sun-to-earlh distances. Solar flux data from 90 
to 94 are based on those of Simon [1974] and from (77) to (93) on 
those of Broadlool [1972]. 

� Nomenclature used by Ackerman [1971]. 

Num b e r ' A, nm cm ' b ' 

95 310 4.95 X 10'* 
V o j 1 j C D1 \> 1 A14 

5.83 X 10 OT 

yl 
J z U 6.22 X 10'* 
n < 
5ij 

D.yo X l u " 
o o 5 . 0 1 X iU 

JJJ 0.15 X lU 

l u i o . y 4 X lu 
Q AA V 1 ni* 5 . 4 4 X 1 U 

5.0V X \\j 

û 1 ^ V 1 ni* 
7 . 1 4 X l u 105 360 8.23 X 10'* 

106 365 1.07 X 10" 
107 370 1.08 X 10" 

IQS 375 9.72 X 10" 
109 380 1.11 X 10" 
110 385 8.98X 10" 
U l 390 1.18 X 10" 
112 395 9.34 X 10" 
113 400 1.69 X 10" 
114 405 1 70 X 10" 

Photons c m " ' s " ' for = 5 nm (50 Â) at the top of the ear th ' s 
atmosphère. Solar flux data are derived from those of Arvesen et al 
[1969] and reduced to a solar constant value of 1.95 cal cm ' min ' 

* Nomenclature used by Ackerman [1971]. 

Ackerman [1971] and références therein for a gênerai descrip-
tion of the solar spectrum to be used in the study of the photo-

dissociation of molecular oxygen and ozone). The brightness 
température falls to about 4500 K in the spectral range of the 

Schumann-Runge continuum of Oj [Ackerman and Simon, 

1973: Rouman. 1974]. An analysis of Rot tman 's data shows 

that the maximum température occurs in the spectral range 
175-170 nm wiih T = 4550 K; the brightness température 

reaches only 4450 K [Parkinson and Reeves, 1969; Brueckner 

and Moe. 1972; Carcer et al.. 1972: Mshi. 1973; Nishi et al., 

1974: Jordan and Ridgeley. 1974] in the spectral range of 155-

165 nm, which is the région of the lowesi température. Since 
the brightness température between 175 and 130 nm is 7 = 

4525 ± 25 K, the photodissociation of molecular oxygen in 

the Schumann-Runge continuum can be computed with an 

average black body température of the order of 4525 K. 

. X = 250 nm 

HARTLEY CONTINUUM 

SOLAR FLUX ( û v = 5 0 0 cm"") 

( 0 0 0 0 3S000 

WAVE NUMBER le m ' ) 

Fig. 14, Number of photons available at the top of the terrestrial 
a tmosphère for the mean sun-to-earth distance between 241 and 308 
nm. Values in c m " ' s " ' for = 500 c m " ' as given in Table 4. 

It is convenient to compute the solar émission in terms of 

photons c m " ' s" ' available at the top of the terrestrial 

atmosphère. The number of photons of frequency v. q(v). is 
given. from ( 1 ), by 

<liv) = — r = — 2 — (e - 1 ) 
hi> c 

(203) 

leading to a total number of photons, Q, available at frequen-

cies greater than v, 

Q = l d. = — [ - ) l — (204) 

where x = hv/kT. 

Since e*"'*''"' is appreciably greater than 1, the integrated 

relation (204) can be written in a simplified form for numerical 

calculation in a spectral range Vi-vi. 

T 1 \ \ 1 1 1 1 1 r 

UV SOLAR FLUX (AX =5 nm) 

Oj HUGGINS BANDS 

NO, PHOTODISSOCIATION 

_ 5500 K 
- - 5 2 5 0 K-

350 
WAVELENOTH Inml 

Fig. 15. Number of photons available at the top of the terrestrial 
a tmosphère for the mean sun-to-earth distance between 310 and 400 
nm. Values in c m " ' s" ' for AX = 5 nm as given in Table 5. 
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TABLE 6. Solar Flux in Ihe Visible Part of the Spectrum T A B L t 6 (continuée!) 

Number* X. nm Number* A, nm 

113 
114 
115 
I 16 
117 
118 
I 19 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164t 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 

400 
405 
410 
415 
420 
425 
430 
435 
440 
445 
450 
455 
460 
465 
470 
475 
480 
485 
490 
495 
500 
505 
510 
515 
520 
525 
530 
535 
540 
545 
550 
555 
560 
565 
570 
575 
580 
585 
590 
595 
600 
605 
610 
615 
620 
625 
630 
635 
640 
645 
650 
655 
660 
665 
670 
675 
680 
685 
690 
695 
700 
705 
710 
715 
720 
725 
730 
735 
740 
745 
750 
755 
760 
765 

1.69 
1.70 
t.«4 
1.97 
1.95 
1.81 
1.67 
1.98 
2.02 
2.18 
2.36 
2.31 
2.39 
2.38 
2.39 
2.44 
2.51 
2.30 
2.39 
2M 
2.40 
2.46 
2;49 
2 ; ^ 
2;39 
2.42 
2JÏ5 
2.51 
2.49 
2.55 
?.53 
2.S4 
2.50 
2.57 
2J8 
167 
2.67 
2.70 
2.62 
2.69 
2.63 
2.68 
2.66 
2.59 
2.69 
2.61 
2.62 
2.62 
2.63 
2.60 
2.55 
2.48 
2.57 
2.61 
2.61 
2.62 
2.62 
2.57 
2.52 
2.60 
2.58 
2.52 
2.51 
2.48 
2.45 
2.48 
2.45 
2.44 
2.39 
2.40 
2.41 
2.40 
2.38 
2.34 

187 
188 
189 
190 
191 
192 
193 

770 
775 
780 
785 
790 
795 
800 

2.30 
2 
2 34 
2 29 
22V 

^1 

Solar flux data derived from those ot Table ol 4rve\en ,-i iii 
[1969] and reduced lo a solar conslani value ol l 95 cal cm mm 

'Nomenc la tu re used by Ackerman | 197 | ] 
+ Here q = 10 " photons cm ' s ' for 1\ - ^ nm ai the lop ol ihc 

terrestrial a tmosphère for mean sun-lo-earth distance. X i - nm 
^Extension of nomenclature 

(205) 

The rocket or balloon data, when t ransformed inio phoion 

flux intensities, are readily converled in this wa\ inti) 

brightness températures showing how much the radiation level 

used for aeronomic purposes has varied since 1950 A low 
température (T = 4500 K ) in the Schumann-Runge contmuum 

was used by Nicolet and Mange [1954]. who adopted the 

average value observed by Friedman et al. [1951] near 1 50 nm 
using phoion counters. Other values were adopted later 

[Detwiler et ai. 1961; Hinleregger et al.. 1965] leading to a 
solar flux at the top of the terrestrial a tmosphère of aboui 2 
X 10" photons cm ^ s ' in the Schumann-Runge continuum, 
which corresponds to a brightness température of 4900 K A 

réduction of not less than 200 K was introduced by Ackerman 

[1971] corresponding to a flux of only 13 x I0'^ photons 
However, récent measurements by Ackerman and Simon [1973] 

and Rottman [1974] lead to another decrease for the adopted 
value of the solar flux; the number of solar pholons available 

at the top of the earth's atmosphère in the spectral range of the 
Schumann-Runge continuum must be of the order of 6 > 

10" cm ^ s '. corresponding to a brightness température ol 

only 4525 ± 25 K. which musl be introduced in aeronomic 

calculations of ihermospheric problems 

In the spectral région of the Schumann-Runge bands (200-

175 nm) the absolute values of the solar radiation flux are 

not well-known. Between 185 and 195 nm the specirum is not 
yei well-known, so that it is not certain how the brightness 

température goes from 4500 to 4700 K [see Donnelh and Pope 

1973]. However, an indication has been given by Ackerman 

[1974] in his analysis of the aeronomic problem of the b bands 
of nitric oxide. In the spectral range of the N O lines m the 5( 1 

- 0) band (AX = 182 - 183 nm), the brightness température is 
4580 K, as was observed by Rottman [1974], and between 
190.5 and 192.5 nm in the spectral range of the N O lines m the 
6(0 - 0) band the brightness température increases up to 4660 

K. 
Below 185 nm, the number of photons has been measured 

recently [Rottman. 1974]; it corresponds to 7" = 4550 ± 50 K 
For wavelengths longer than 195 nm, a récent analysis by 
Simon [1974a] shows an increase of brightness températures 
up to 4700 K at 196 nm and about 4800 K at the discontinuity 
in the continuum flux near 209 nm [Boland et al., 1971] which 
is due to the photoionization edge of AU. 

Since there is an important décline of the brightness 
température between 200 and 190 nm [^Viding et al., 1970], 
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TABLE 7. Standard Atmosphère, Latitude 45° 

Altitude, Température, Scale Height, Pressure, Concentration, Total, 
km K km mbar cm*' cm ' ^ 

0 288 8.44 1013 2.55 X 10" 2.15 X 10" 
5 256 7.50 540 1.53 X 10" 1.15 X I0"> 

10 223 6.56 265 8.60 X 10" 5.64 X W 
15 217 6.37 121 4.05 X 10" 2.58 X 10"* 
20 217 6.38 55 1.85 X 10" 1.18 X Iff" 
25 222 6.54 25 8.33 X 10" 5.45 X 10» 
30 227 6.69 12 3.82 X 10" 2.56 X 10" 
35 237 7.00 5.7 1.76 X 10" 1.23 X \(y 
40 250 7.42 2.9 8.31 X 10" 6.17 X 10^' 
45 264 7.84 1.5 4.09 X 10" 3.21 X 10" 
50 271 8.05 0.8 2.14 X 10" 1.72 X \0" 

new, précise absolute measurements are needed between 180 

and 200 nm in order to détermine with précision the vertical 

s tructure of the photodissociation of molecular oxygen in the 

mésosphère where the absorption of the Schumann-Runge 

bands plays the leading rôle and aiso of various minor con-

stituents of the upper stratosphère which are photodissociated 

in this spectral région. 

In the spectral range of the Herzberg cont inuum of 

molecular oxygen, which is absorbed in the stratosphère simul-

taneously by O j and Oj, the solar flux has been measured 

several times [Ackerman, 1971]. Récent measurements by 

Simon [19746] and Broadfoot [1972] can be used between 196 

and 242.4 nm and are reproduced in Table 3 for Ai/ = 500 

c m " ' . Figure 13 exhibits the observed a n d c o m p u t e d values for 

various brightness températures between 4700 and 5200 K. 

The strong discontinuity near 208.7 nm is revealed by the tran-

sition from 4800 to 5000 K in the brightness température. It is 

clear that the solar flux in the Herzberg cont inuum must be 

divided into two parts corresponding to radiation of about 

4750 ± 50 K and 5100 ± 100 K, respectively. 

The spectral région of the solar spectrum corresponding to 

the Hartley continuum, where ozone absorbs solar radiation in 

the stratosphère, has been given with intensities at 0.1-nm in-

tervais by Broadfoot [1972]. Récent values obtained by Simon 

[19746] for AX = 285-308 nm are in good agreement (±5%) 

with Broadfoot 's data. The number of photons cm"' ' s " ' for Ai/ 

= 500 c m " ' are given in Table 4. The spectrum has been plot-

ted in Figure 14 with the curves for various solar brightness 

températures between 4800 and 5500 K. 

Many observations have been made in the spectral région (X 

> 310 nm) of the solar ultraviolet flux transmitted to the 

ground. Différences between spectra measured by various in-

vestigators have been recently discussed by DeLuisi [1975]. His 

own results are in agreement with the data of Arvesen et al 

[1969] for X > 310 nm. Considering the results obtained by 

Broadfoot [1972] in the spectral région AA = 350-320 nm. by 

Simon [1974] between 300 and 350 nm, hy Arvesen et al [1969] 

for X > 300 nm, and by Thekaekara [1974] in his solar spectral 

irradiance standard curve, it seems possible to describe the 

solar spectrum for AX = 5 nm between 300 and 400 nm with an 

error which may reach 10% in certain intervais. Adopted 

values are provided in Table 5. In the overiapping région of 

Simon's and Arvesen's data (310-350 nm) the average 

différence (after a shift of 4 Â in Arvesen's data) is - 2 % , 

corresponding to the différence of the total irradiances which 

were used: 1.99 cal c m " ' min ' ' instead of 1.95 cal cm ^ min '. 

The values used for AX = 5 nm are about 10% lower than data 

tabulated by Ackerman [1971]; they are shown in Figure 15 

and correspond to solar fluxes équivalent to brightness 

températures between 5500 and 5750 K. except in two 

spectral ranges with strong absorption in the solar spectrum at 

X = 385 ± 2.5 nm and X = 395 ± 2.5 nm (Ca, K, and H lines), 

where the brightness température is only about 5250 K. For a 

more detailed spectrum, very précise observational data are 

needed [see DeLuisi, 1975], and shifts in the wavelengths of the 

spectrum must be avoided; see discussions by Broadfoot 

[1972], Simon [19746], and DeLuisi [1975] concern ing 

Arvesen's [1969] and Thekaekara's [1974] spectra. 

In the visible part of the spectrum wc adopt the same 

procédure as used for the 310- to 400-nm spectral région, 

and the numerical results, which can be used for the calcula-

tion of pholodissociation coefficients, are given in Table 6 for 

a spectral interval of 5 nm. For a more detailed calculation. 

for example for AX = 0.1 nm, a spécifie analysis is required, 

spécial attention being given to the exact wavelength and the 

absolute solar flux. 

TABLE 8. Standard Atmosphère, Latitude 45°: Constituents 

Altitude, /i(N,), ^ ( N , ) , n (0 , ) , S(0^), n{0,), \{0,). 
km c m " ' c m " ' cm" ' c m " ' c m " ' c m " ' 

0 1.99 X 10" 1.68 X 10" 5.34 X 10" 4.50 X lœ* 9.0 X 10" 1.03 X 10" 

5 1.20 X 10" 8.96 X \0" 3.21 X 10" 2.40 X lœ* 6.8 X 10" 9.91 X 10" 

10 6.71 X 10" 4.40 X \0" 1.80 X 10" 1.18 X \0" 1.3 X 10" 9.50 X 10" 

13 3.16 X 10" 2.01 X lO'* 8.48 X 10" 5.41 X 10" 2.8 X 10" 8.44 X 10" 

20 1.44 X 10" 9.21 X 10" 3.87 X 10" 2.47 X 10" 5.2 X 10" 6.42 X 10" 

2S 6.50 X 10" 4.25 X 10" 1.75 X 10" 1.14 X 10" 4.5 X 10" 3.89 X 10" 

30 2.99 X 10" 2.00 X 10" 8.02 X 10" 5.37 X 10" 3.1 X 10" 2.01 X 10" 

35 1.37 X 10" 9.61 X lO'^ 3.69 X 10" 2.58 X 10" 1.6 X 10" 8.46 X 10" 
40 6.49 X 10" 4.81 X 10" 1.74 X 10" 1.29 X 10" 6.7 X 10" 2.94 X 10" 

45 3.19 X 10» 2.50 X 10" 8.56 X 10" 6.71 X 10" 2.1 X 10" 9.25 X 10" 
50 1.67 X 10" 1.34 X 10" 4.47 X 10" 3.60 X 10" 7.0 X 10" 2.85 X 10" 

Concentrations denoted by n and totals by JV. 
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T A B L E 9. A b s o r p t i o n Coeff ic ien ts of O j a n d O , for = 500 

cm ' [Ackerman, 1971) in the H e r z b e r g C o n t i n u u m 

N umbcr ff(Oj), cm 2 
0 ^ ^ 3 j , cm 

�>7 41 .000-41 ,500 6.74 X 10- 2& 9.00 X 10" 
76 41 .500-42 .000 1.75 X 10- 24 7.97 X 10" 

75 42 ,000-42 ,500 2.44 X 10- 24 6.86 X 10" 
74 42 ,500 -43 ,000 3.09X 10- 24 5.79 X 10" 
73 43 ,000 -43 .500 3.76 X 10- 24 4.83 X 10-
72 43 .500-44 .000 4.40 X 10- 24 4.00 X 10-
7) 44 .000-44 .500 5.03 X 10- 24 3.24 X 10 
70 44 .500-45 ,000 5.65 X 10" 24 2.55 X 10 
69 45 ,000-45 ,500 6.28 X 10- 24 1.97 X 10" 
68 45 ,500-46 ,000 6.92 X 10- 24 1.52 X 10-
67 46 ,000-46 ,500 7.60 X 10- 24 1.17 X 10-
66 46 .500-47 ,000 8.28 X 10- 24 8.57 X 10-
65 47 ,000-47 ,500 8.93 X 10- 24 6.26 X 10 
64 47 ,500 -48 ,000 9.55 X 10- 24 4.84 X 10-
63 48 .000-48 ,500 1.00 X 10- 23 4.11 X 10 

62 48 .500 -49 ,000 1.05 X 10- 23 3.51 X 10-

61 49 ,000-49 ,500 1.14 X 10- 23 3.26 X 10-

60 49 .500 -50 .000 1.5 X 10- 23 3.26 X 10-

59 50 ,000-50 ,500 2.0 X 10- 23 3 .30 X 10-

58 50 ,500-51 .000 3.0 X 10- 23 3.69 X 10 

ATMOSPHERIC PARAMETERS 

The atmospheric properties of the stratosphère cannot be 
studied without the use of a certain number of tables repre-

senting basic quantifies such as total pressure, température, 

and concentrations of the principal constituents. Furthermore, 
since the purpose of a detailed analysis of the stratosphère is to 

take into account increased knowledge in the ozone distribu-
tion and in the détection of important trace constituents, the 
principal observational results must be considered. 

The U.S. Standard Atmosphère (1962) can be used as a 

basis for the principal parameters. Table 7 gives numerical 
values which can be adopted. In particular, when a mixhig 

ratio is given, a référence should be given to an atmospheric 
model in order to establish the exact concentrations. It is also 

convenient to présent for this standard atmosphère numerical 
values which can be taken as références for diflferent types of 

WAVE NUMBER Icm-'l 

Fig. 16. Dissoc ia t ion of m o l e c u l a r o x y g e n in the s t r a t o s p h è r e ac-

c o r d i n g to the wave leng th for v a r i o u s he igh t s f r o m the s l r a t o p a u s e t o 
25 km for o v e r h e a d sun c o n d i t i o n s . T h e pe r cen t ages are given for the 

spec t ra l r ange AK = 500 c m " ' ; s t a n d a r d c o n d i t i o n s prevai l . 

variation. Thèse values are given in Table 8 where the various 
proportions are as follows: Nj, 0.7808; Oj, 0.2095; Ar, 
0.0093. The ozone distribution which has been adopted is 
based on rocket measurements published by Krueger [19731 
and sounding balloon measurements published by Hering and 

Borden [1965]. As the s tandard atmospheric model, ihis ozone 
distribution does not represent ail conditions but can be 
taken as a model in order to avoid too spéculative conclusions 
If the absorption cross sections as presented by Ackerman 

[1971] and reproduced in Table 9 are used, it can be shown by 
means of the solar fiuxes of Table 2 that the photodissociation 
of O2 in the stratosphère is essentially due to the solar radia-

tion of X > 190 nm. At 50 km, at the stratopause as illus-
trated in Figure 16, the major part (80%) of the atomic oxygen 
production for overhead sun conditions occurs by absorption 

of the solar radiation of A > 195 nm. When the pénétra-

tion of solar radiation in the stratosphère occurs the im-
portant part of the spectrum corresponds to the région cen-

lered at 210 nm belween 220 and 200 nm. For overhead 
sun conditions the atomic oxygen production for \ > 195 

nm is 85% at 40 km, 87% at 35 km, 91% at 30 km, and 96% 

at 25 km. When high précision is required for the photo-

dissociation rate of molecular oxygen at the stratopause and in 

the upper stratosphère, the predissociation in the Schumann-

Runge bands must be introduced. Fur thermore , when the 
photodissociation of minor constituents dépends on the solar 

radiation at A < 200 nm, it is necessary to introduce the efTect 

of the rolational structure of the Schumann-Runge bands as 
shown in Figure 17. 

In order to facilitate visualization of the behavior of the O, 

and O2 absorption in the stratosphère, curves illustrative of 
this absorption are shown in Figure 18. Molecular oxygen is 
the major absorbing molécule at the stratopause level, but 

ozone plays the leading rôle in the mean stratosphère (25-30 
km). Thus the photodissociation of molecular oxygen is 

related to the vertical distribution of ozone and its variations. 

Another important aspect is the vertical distribution of the 
atomic oxygen production: it is illustrated in Figure 19 where 

various percentages are shown versus the solar zénith angle. 

More than 50% is always produced above 40 km, where photo-

equilibrium conditions can be accepted. On the other hand, 

almost the total production (97.5%) occurs above 25 km, i e , 

above the ozone peak. There is therefore no doubt that the 
stratospheric ozone below its concentration peak is essentially 

due to a downward transport from the production régions 
Figure 20 is another illustration of this distribution of the 

ozone formation resulting from the atomic oxygen production 
with a peak in the upper stratosphère between 40 and 50 km 

The production at 20 km is not more than 0.1%. even for 

overhead sun conditions. 
Under thèse standard conditions it is also possible to dérive 

the time necessary to produce the ozone concentration as given 

in Table 6. The variation with altitude changes as depicted in 
Figure 21. Above 40 km, it always requires less than a day; at 
25 km, the times are not less than I month for continuous 
overhead sun conditions and reach a year for sec x = 1. i.e., 
for a Sun altitude of 30°. Below the ozone peak, at 20 km, 
more than 2 years would be necessary to produce the observed 
ozone, and transport must be substituted for production. 

A standard model cannot represent the atmospheric condi-
tions in the stratosphère. The U.S. Standard Atmosphère Sup-
pléments (1966) show the departures of températures and 
pressures of atmosphères at 30°, 45°, 60°, and 75°N (winter 
and summer) from the s tandard atmosphère given in Table 5. 
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52000 51000 50000 19000 

WAVE NUMBER (cm- ' ) 

Fig. 17. Rotat ional structure of the Schumann-Runge bands of O; at 300 K [Ackerman et ai, 1970] f rom (0 - 0) to 
(7-1 ). Theoretical détermination with laboratory data are indicated by crosses, and with expérimental cont inuum by Ogawa 
[1971] by circles. Effect of the Herzberg cont inuum is important for v < 51,000 c m " ' . 

The température-alti tude profiles indicate that the important 
différences occur between 10 and 20 km; they are related to the 

hcight of the tropopause and have therefore an effect on the 

rate coefficients in the lower stratosphère. It is not the inten-
tion to reproduce here the various atmospheric parameters 

concerning the principal constituents. However, it is useful to 

mention that there is an isothermal layer in the U.S. Standard 
Atmosphère (1972) from 11 to 20 km with a température equal 

to 216.65 K. In the Supplementary Atmosphères (1966), there 

is large variation in the tropopause température with altitude 
for summer and winter conditions from latitude 15° to 75°. 

However, if latitude and température are to be considered, 
their variation must be taken into account when lower bound-

ary conditions are introduced into the calculation of strato-

S.O»IO' i.0»10' 

WAVE NUMBER Icm-'l 

Fig. 18. Optical depth of molecular oxygen and ozone absorption 
in the stratosphère in the spectral région leading to O2 dissociation at 
various heights. 

spheric models. Figures 22 and 23 show the extent of the 
stratospheric régions with tropical or polar tropopauses. The 

extrême iimits reached by the polar t ropopause in January in 
the northern hémisphère (Figure 22) are about 10° in Africa. 

while the tropical t ropopause reaches 40° over the Medi-
terranean Sea. The curve (50%) is an indication of the 
géographie régions where the number of observations of 

tropical and polar tropopauses is the same. In the summert ime 
(Figure 23), there is an extension of the stratospheric régions 

with tropical t ropopause toward the northern latitudes. Such 

différences must be introduced in the study of the behavior of 

the lower stratosphère when only the mean height is required. 

However, it is clear from the position of the three curves of 

Figures 22 and 23 that there is a considérable variability which 

must be considered. An exampie deduced from a récent 

analysis by Downie [1974] is illustrated by the various curves in 

Figure 24, which give the number of occurrences at various 

latitudes of the t ropopause height. The scatter is the principal 
picture of the winter t ropopause for latitudes larger than 30° 

The high tropical t ropopause (Miami, 26°N, for example) is 

weli-defined. Thus the climatological aspect is not sufficient to 
assess the atmospheric conditions of the lower stratosphère, 
and it is necessary to consider synoptic conditions. It is not 
possible to refer to al! publications on the subject, but a study 
by means of vertical cross sections given by Piaget [1971] leads 
to an analysis of the ozone exchanges between the stratosphère 
and troposphère. An example of a vertical profile f rom 
tropical to polar régions is given in Figure 25, where various 
tropopauses are shown. The fact that this atmospheric situa-
tion is associated with the problem of the jet stream reveals 
that the problem of the lower stratosphère cannot be studied 
with steady state conditions and with constant lower boundary 
condition. Another indication is given by the vertical cross sec-
tion illustrated by Figure 26, where a spécifie ozone increase is 
indicated by three conventional tropopauses in the latitude 
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range of less than 10°. The stratospheric air intrusion in the 

troposphère is related to the jet stream by various kinds of 
transport from advection to more complicated dynamic 

effects. A schematic view of the various exchanges between the 
lower stratosphère and troposphère is depicted by Figure 27, 

in which the projection of isentropic trajectories is reported in 
the meridian plane perpendicular to the jet stream axis. The 
principal inversions corresponding to various frontal surfaces 

and tropopauses are shown by shading. The outline of the tra-
jectories, after sporadic intrusions into the tropopause due to 

strong convective motions, indicates the motions of the 

tropical stratospheric air (denoted by a) and of the tropical 

tropospheric air (denoted by b), which travel toward the jet 

stream latitudes (indicated by c) above the conventional 

tropopause. The région, which is indicated by d in Figure 27, 

corresponds to the subtropical jet stream. The intrusions of 

polar stratospheric air into the t roposphère are illustrated by e, 
which corresponds to a normal flow, and b y / , which shows an 

additional effect associated with the pénétration of polar air 
inside of the cold air. Finally, it should be noted how the 

ozone mixing ratio is related to the various air motions. If the 
variations of the vertical distribution of ozone and of its total 

amount are associated with the t ropopause behavior, the 
seasonal and latitudinal variations cannot be omitted. A 
diagram of the annual variation of total ozone for various 
latitudes is shown in Figure 28. The continuous curves repre-
sent conditions for which ail abnormalt ies have been averaged 
out. At mean and high latitudes there is a very large variation 
with maximum during winter and spring and with minimum 
during summer and au tumn. As is clearly indicated in Figure 
29, the highest total amounts of ozone occur in the Arctic 
régions during the spring, while the lowest values are observed 
in the tropical région during the whole year. It is interesting to 
see (Figure 28) how the total amount increases during the 

winter months in the high-latitude région when there is no 

ozone production. An illustration of the ozone product ion is 
given by Figure 30, where the annual variation at various 

latitudes is shown. At the equator the total product ion of 
atomic oxygen or ozone formation, which is (1.4 ± 0.1 ) x 10" 

atoms or molécules cm"^ day" ' , is practically constant during 
the year. At 45° there is a strong variation from about 3 x 10" 

molécules cm"^ day ' in January to 1.6 X 10" molécules cm ' 
day" ' in June-July , At latitudes greater than 60° the winter 

production is negligible. There is therefore no direct associa-
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Fig, 20. Vertical distribution of the atomic oxygen product ion 
(percentage) for various altitudes of the sun; hs = 90°, overhead sun. 
A layer of 1-km thickness is considered. 
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Fig. 21. Production times of stratospheric ozone (concentrations given in Table 8) for various solar zénith angles 

Fig. 22. Limits of the lower stratospheric régions indicated by the géographie distribution of the polar and tropical 
t ropopauses in January (1957-1965) in the northern hémisphère [Makhover, 1972]. 



POLAR-TROPICAL 

Fig. 23. Limits of the lower stratospheric régions indicated by the géographie distribution of the polar and tropical 
tropopauses in July (1957-1965) in the northern hémisphère [Makhover. 1972]. 
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Fig. 24. Variations of tropopause heights for summer and winter conditions at four stations between 21° and 5I°N 
[Downie, 1974]. 
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Fig. 25. Vertical profiles f rom tropical régions to the polar régions, 
February 17, 1967,0000 UT, f rom fta^er [1971]. Isentropic l i n e s a r e i n 
K, and isothermal lines are in ° C . The various convent ional 
t ropopauses are indicated by heavy lines. Détai ls are given by Piaget 
[1971]. 

tien between the seasonai and latitudinal distribution of ozone 
and its production. Its total amount is maximum where and 

when it is not produced. A complète explanation by transport 
requires not only air motions from the production région to 

the polar stratosphère during about 3 months in order to ex-

plain the winter increase but also, if chemical action is not pos-

sible, the gênerai decrease from spring to summer. Récent 
analyses by Dobson [1973a, b] and Dûtsch [1974], which 

consider particularly the air movements associated with ozone 
transport in the lower stratosphère, reveal the complexity of 
the ozone vertical distribution with various kinds of varia-

tions. 

o 

< 5 -

Emden Essen Stuttgart Thaiwil Milan 

Fig. 26. Vertical profile f rom Emden (53°4N, 0 7 ° 2 E ) to Thaiwil 
(47 ' '3N, 08°5E) and Milan (45 ' '4N, 09 ' '3E) , June 12, 1967, at 1200 
U T , f rom Piagei [1969, 1971]. Isothermal lines are in °C, isoplethic 
lines of the wind speed in knots (1 knot = 0.515 m s " ' ) , heavy lines 
déno te the t ropopause levels. Régions of ozone increase at Thaiwil are 
indicated by shading. 

Fig. 27. Schematic meridian profile of exchanges belwecn the 
s t ra tosphère and t roposphère , according to Piagel [1971] Iseniropii. 
t ra jectories are represented by cont inuous lines, ozone mixing ratios 
( / ig /g) by dot ted lines, isopleths of wind speed in knots (1 kno l 
= 0.515 m s " ' ) by dashed lines, and conventional t ropopauses b\ 
shading. T h e curves a - / are described in the text. 

Finally, it is aiways usefui to keep in mind thaï the 

différences, which occur with latitude and season. are due to 
an increase of the ozone concentrations below its peak An il-

lustration of the latitudinal variation is given in Figure 31. 

where there is an indication of values between 0.25 cm and 
0.45 cm from tropical région to high latitudes, respectively: 
such an increase is associated with a decrease of the 

tropopause height. 

PHOTODISSOCIATION IN THE TROPOSPHèRE AND 

STRATOSPHèRE AND ITS EFFECTS 

The photodissociation in the lower régions of the terrestrial 
atmosphère is of particular interest, since it is the necessary 

process to start various chemical reactions. Molecular oxygen 

is subject to dissociation above the ozone peak ( - 2 5 km) while 
ozone is photodissociated at ground level. The ozone photol-
ysis (see for example, Welge [1974] for a récent analysis of the 

photolysis of O», H d , C O j , and SO, compounds) occurs in 

the visible région in the spectral range of the Chappuis bands 

with production of oxygen molécules and atoms in their nor-

mal States. The photodissociation coefficient is of the order of 

0.50 

Fig. 28. S m o o t h e d annua l variation of the total a m o u n t of o z o n e 
at 10°, 30°, 40° , 50°, and 60° of nor th latitude, according to Dobson 
[1963]. O z o n e a m o u n t in cent imeters (STP). 
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Fig. 29. Annual distributions of the total amount of ozone (cm STP) 
versus latitude, according to Dobson [1963]. 

y3(Chappuis) = 3 X 10"* s " ' 

even at g round level. 

In the ultraviolet , the impor tan t process is the photodisso-

ciation 

Os + hv(X < 310 nm) ^ O j ( a ' A j ) + 0 ( ' D ) 

The relative q u a n t u m yield near the threshold at 310 nm dé-

pends on the tempéra ture . It has been measured by Lin and 

DeMore [1973a] at s t ra tospheric t empéra tu re (233 K), and its 

variation with t empéra tu re at 313 nm has been observed by 

Kuis et al. [1975]. A graph illustrative of thèse results (Figure 

32) shows that the q u a n t u m yield 4> to be used in the lower 

s t ra tosphère may be taken as follows: 4> = 1.0 at 3(X) ± 2.5 

nm, 0.9 at 305 ± 2.5 nm, 0.3 at 310 ± 2.5 nm, and 0.05 at 315 

± 2.5 nm. 

The p roduc t ion of 0( '£>) atoms, which react with H j O and 

CHt and H, and N j O and resuit in O H radicals and N O 

molécules, respectively, dépends on the absolute ozone 

concent ra t ion and its vertical dis t r ibut ion. An example of the 

so 
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Fig. 31. Examples of vertical distribution of ozone concentrations 
associated with an increase of the total amounl related to latitude in 
the lower stratosphère. 

vertical distr ibution of the 0(^D) concent ra t ion is given in 

Figure 33 for July and January at 4 5 ° N . There is an increase 

from less than I 0 ( ' D ) a tom c m " ' below 20 km up to more 

than 100 c m ^ ' below the s t ra topause . Average values are in-

dicated corresponding to a total of 13 hours in July and I I 

hours in January . Thus the chemical action of 0 ( 'Z ) ) will dé-

pend on lat i tude and season, as well as on the efTect of the 

ozone amount and its variat ions. 

The photodissociat ion processes of water vapor and 

méthane are due mainly to the effect of Lyman a m the 
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Fig. 30. Annual 
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distribution of atomic oxygen production (cm^ 
' ) at 0°, 15°. 30°, 45°, and 60°N. 
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Fig. 32. Quantum yield of 0 ( ' D ) production versus wavelenglh. 
Curve al 233 K bv Un and DeMore [\91îa\. and at X = 313 nm at 293. 
258. and 251 K by Kuis el al. [1975]. 
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OI'D) CONCENTRATIONIcm-') 

Fig. 33. C o n c e n t r a t i o n of 0 ( ' D ) a t o m s p r o d u c e d by o z o n e 
photolysis for s t anda rd condi t ions as given in Tab le 7. 

mésosphère but also dépend on the solar radiation absorbed in 

the spectral range of the Schumann-Runge bands, particularly 
in the lower mésosphère and upper stratosphère. Never-

theless, H3O dissociation in the stratosphère is due mainly to 

the oxidation process by excited oxygen atoms 0('D). Photo-

dissociation of H , 0 must be considered only when it is re-
quired to détermine the H j production at Lyman a , as an up-

per boundary condition. In the same way, CH4 is subject to 

reactions with 0 ( ' D ) and O H (see Figure 34) and its photo-

dissociation, associated mainly with Lyman a and resulting in 
H j molécules, should be considered only when an upper bound-

ary condition is needed or a knowledge of H, production is 

required. Figure 34 also illustrâtes CO3 photodissociation, 
which plays a rôle in the upper stratosphère. 

The absorp t ion cross sections of H O , measured by 
Hochanadel et al. [1972] and Pauckert and Johnston [1972] at X 
< 260 nm lead to the photodissociation of the hydroperoxy! 

radical in the stratosphère. This photodissociation can be 

neglected, since it is not as important as several other reactions 
playing significant rôles. 

The photodissociation of hydrogen peroxide, which must be 

introduced in the study of this stratospheric constituent, is 

based on Iaboratory measurements made in 1929 [Urey et al., 

1929] and in 1948 [Holi et al.. 1948] for two différent spectral 

ranges. Using the pubiished values of the absorption cross sec-

tions, the photodissociation coefficient obtained at the 

so 
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FIg. 34. Example of reactions destroying mé thane and producing 
ca rbon monoxide in the s t ra tosphère. Solar zénith angle x with sec x 
= 2 and arbitrary eddy diffusion coefficient /Ln, , a re used \Nicolet and 
Peeiermans. 1973]. 
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PHOTODISSOCIATION COEFFICIENT ( s u ' ) 

Fig. 35. Examples of vertical dis t r ibut ions of direct photodissocia-
tion coefficients of hydrogen peroxide. Various solar zénith angles x -
0°, overhead sun condi t ions, tb x = 90° , horizon [Nicolet. 1971]. 

stratopause is about 10"* s " ' (Figure 35) and reaches low 
values between 10"' and 10"° s " ' at 20 km. New Iaboratory 

data are needed in order to détermine the loss processes of 
H202 in the stratosphère and also its exact aeronomic rôle. 

Finally, the vertical distribution of water vapor in the 

stratosphère is not affected by its own dissociation, since there 

is an immédiate re-formation from hydroxyl and hydro-

peroxy] radicals. Its concentration dépends on the exchange 
processes between the stratosphère and troposphère. However, 

the définitive décomposition of méthane in the stratosphère 

leads to production of H, and OH or HO,. There is therefore 

a continuous addition of water vapor molécules related to the 
transport of C H , from the troposphère to the stratosphère. 

The photolysis of the oxides of nitrogen such as NO2 and 
N O j dépends strongly on radiation of X > 300 nm, which leads 

to a high photodissociation coefficient, indication being that 

such molécules are aiways in photochemical equilibrium. Pré-

cise values are required for J^o,, since it détermines the day-

time ratio «(NOj) / r t (NO). Various Iaboratory measurements of 

the absorption cross sections have been made at room tempéra-

ture and seem to lead to Jno, = 6 ± 2 X 10"" s " ' at ground 
level [Stedman et al., 1975a]. However, scattering eflfects 

[Callis, 1974] must be introduced into the détermination of ail 
photodissociation coefficients as a function of altitude. De-

tailed analyses by Callis et al. [ 1975] and by Luther andGeiinas 

[1975] show that the Rayleigh scattering and surface albedo 

alter the calculated photodissociation coefficients and can lead 
to significant modifications, particularly with variation of 
solar zénith angles. 

The absorption spectrum of N O , has been analyzed in the 
visible région (450-680 nm) by Johnston and Graham [1974<i], 
who find that the cross section is between 10"" and 10"" s" ' . 
If such an absorption leads to rapid photodissociations, N O , 
cannot play a leading rôle in the ozonosphère. 

The behavior of nitrous and nitric acids is différent, since 
their principal absorpt ions do not occur in the same spectral 
range [Johnston and Graham. 1974a]. The H N O j cross section 
between 300 and 400 nm varies between 10"''° and 10"" cm' , 
while the H N O , cross section [Johnston and Graham, 1973; 
Biaumé. 1973] increases from only about 10"" c m ' at 320 nm 
to 10"" c m ' at 280 nm in the Hartley continuum of ozone. 
HNO2 is in photochemical equilibrium, while strong depar-
tures from photoequilibrium conditions must occur for H N O , . 
A graph illustrative of the variation of the photodissociation 

file:///Nicolet
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Fig. 36. Examples of vertical dis t r ibut ion of direct photodissocia-
tion coefficients of nitric acid for var ious soiar zénith angles x , sec x = 
1. 2. and 4 [Biaumé, 1973). 

coefficient with altitude (Figure 36) shows that ̂ HNO, is 

net far from 10"* s" ' al the stratopause but that its value 

decreases rapidiy in the stratosphère and reaches less than 

10"' s ' in the lower stratosphère. Ils value is related to the 

ozone amount . 
The absorption cross section of nitrous oxide varies within 

very low values less than 10"" cm^ between 310 and 250 nm, 
and its photodissociation coefficient (Figure 37) is not greater 

than 10"' s" ' at the stratopause and reaches only values less 
than 10"' S"' in the low stratosphère. Its vertical distribution 
dépends on its t ransport from ihe troposphère to the upper 

stratosphère, where its lifetime in the solar radiation fîeld is 
only a few months. Ils absolute concentration should be 

known with précision, particularly in the upper stratosphère, 

where the production of nitric oxide molécules dépends on the 
reaction 0( '£)) + NjO. 

The photodissociation of nitric oxide must be introduced 

inlo the upper stratosphère and mésosphère, since il plays a 
rôle in the détermination of the upper boundary conditions of 

nitrogen oxides at the stratopause level. The NO dissociation 

dépends strongly on the predissociation efTect in the 6(0 - 0) 
and 5(1 - 0) bands near 191 and 183 nm, which are in the 

spectral range of the Schumann-Runge bands. An anaiysis 

made by Cieslik and Nicolet [1973] shows that the total photo-

dissociation rate leads to JNO = 2 X 10"° s" ' and 8 X 10"' s" ' 

for overhead sun conditions and a sun altitude of 30°, respec-

tively, al the straiopause level. At the mesopause level, Ihe 

average value is ̂ NO = 6 X 10"' s" ' . Such values indicate that 
an NO molécule is still subject to a photodissociation process 

in the upper stratosphère. 
Finally, the photodissociation of chlorine species, except Clj 

(équation (152)), dépends on the vertical ozone distribution 
and the absolute values of its stratospheric concentration. The 

various références, which are given in the anaiysis of chlorine 
atom production, reactions (159) to (161), indicate that the 
pholodissociation of chlorofluoromethanes, carbon tetra-
chloride, hydrogen chloride, and various chlorine oxides 
occur only in the stratosphère. The photodissociation rates are 
relatively small , and depar tu res f rom photochemical 
equilibrium conditions are aiways the rule. Their possible ac-
tion on the ozone stratospheric equilibrium will be related to 
the various transport conditions. 

FINAL INTRODUCTORY REMARKS 

We have seen that it is aiways possible to résolve the 
theoretical problem of stratospheric ozone with the introduc-

PHOTOOI SSOCIAT ION COEFFICIENT I sec"'l 

Fig. 37. Examples of vertical d is t r ibut ion of direct photodissocia-
tion coefficients of ni t rous oxide for var ious solar zénith angles \ . sei 
X = 1. 1.4, 2. and 4 [Mcolel and Peelermans. 1972]. 

tion of correct aeronomic équations and with the adoption oi 

the principal atmospheric parameters. However. it is not yet 

possible to détermine with précision the behavior of certain 
minor constituents and aiso to follow the various aspects of 

the meteorological conditions. The boundary conditions, 

which are used in stratospheric models, are not aiways 

adopted to varying atmospheric conditions. On the other 

hand, the eddy diffusion coefficients, which are chosen for par-
ticular transport exchanges, are often ad hoc characterislics 
for vertical or vertical and latitudinal or vertical, latitudinal. 

and longitudinal features. 

The cycle of carbon monoxide (Figure 38) is a prime example 

of problems wHich required spécial attention [Robinson and 

Robhins, 1971]. Without going into détails [see, for example. 

Seiler, 1974; Seiler and Schmidi, 1974] il may be pointed out 
that the CO concentration must be known with précision in 
the lower stratosphère in order to détermine the ratio 
n ( O H ) / « ( H 0 2 ) . Ils stratospheric concentration should be 

known at each latitude and aIso when the tropopause level 
varies; an average value of the mixing ratio seems to be of the 

order of 5 X 10"' in Ihe lower stratosphère. The chemical 

aspects as considered by fVofsy et al. [1972], which are ex-

tremely important, must be analyzed with new observational 

data, since Ihey are associated with the lower boundary condi-

tions which must be applied to stratospheric CO. 

In the same way, the tropospheric ozone problem requires 
more attention, since a photochemical theory has been 

proposed by Chameides and Walker [1973. 1974] and contested 

by Fabian [1974]. The essential problem is to détermine the ac-

LATITUDE 

Fig, 38. Idealized cross section of the dis t r ibut ion of the C O mix-
ing ratio in the t roposphère over the At lant ic Océan , according to 
Seiler and Schmidi [1974]. Mixing rat io in par ts per million. 
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Fig. 39. Observed nilric oxide concent ra t ions as collected by 
Ackerman [1975] indicating extremely variable mixing rat ios in the 
s t ra tosphère; ail références are given by Ackerman [1975]; 10"'°, 10"' , 
and 10" ' lines cor respond to cons tan t mixing rat ios. 

tion of the reaction between H O j and N O leading to O H and 

N O j when there is a source of O H or HO2 radicais (CH,, for 
exampie) with enough nitrogen oxides without direct produc-

tion of oxygen atoms from 0 , photodissociation. Instead of 
(143), for daytime conditions, an équation such as 

dt 
+ n(0,)[a„n(OH) + a^M^O^) + b,n(}iO)] 

= n ( N O , ) y N o . + n N ) (206) 

should be used as a first approximation. 

The problem of the rôle of O H and HO2 radicais as studied 
by Warneck [1974, 1975] in the troposphère must be kept in 

mind for the study of the lower stratosphère in the régions 
when the tropopause height varies with atmospheric condi-

tions. At the présent time, it is very diflRcult to détermine the 

ratio / ;(0H)/r t(H02) and aiso the absolute values of their con-

centrations above the tropopause level. 

10 10 

CONCENTRATION l c m " ' l 

Fig. 40. Observed nitrogen dioxide concent ra t ions as collected by 
Ackerman [1975]; 10"'°, 10"", and 10"" cor respond to cons tan t mixing 
ratios. 

CONCENTRATION Icm"'') 

Fig. 41. Observed nitric acid concentra t ions as collected by 
Ackerman [1975]; 10"'°, 10"', and 10"' lines correspond to cons tan t 
mixing ratios; L-G dénotes the measurements by Lazrus and Gandrud 
[1974]; M, Murcray et al. [1974]; G , Fonlanelta et al. [1974]; W, Fried 
and Weinman [1970]; and H, Marries el al. [1974]; T , analysis by the 
au thor . 

The problems of H, and CH^ are related in the stratosphère 
but may be considered as independent in the troposphère. Ré-

cent measurements by Schmidt [1974] and Seller and Schmidt 

[1974] lead to an almost constant mixing ratio ofO.55 ppm for 
tropospheric molecular hydrogen which can be taken as the 

normal mixing ratio above the t ropopause level. However, 
reaction of 0( 'Z)) with CH4 and formaldehyde photodissocia-

tion in the stratosphère is a small source of H j molécules. Sam-
pling [Ehhall, 1974] in the stratosphère at various latitudes is 

required in order to obtain enough vertical profiles to compare 

with the calculated vertical distributions of méthane and 

molecular hydrogen. 
Méthane plays an important rôle, since its average mixing 

ratio in the lower stratosphère of the order of 1.5 X \0'^ cor-
responds to an important fraction of the total amount of 

hydrogen atoms which can be available, since the H2O mixing 

ratio [Mastenbrook, 1968, 1971] in the lower stratosphère is 

about (3 ± 1) X 10"'. More stratospheric observations are 

needed since there are only two samplings [Ehhall et al.. 1975] 

in the upper stratosphère. It is not yet clear how the vertical 
and horizontal transports play their rôle [Wofsy et ai. 1972: 

Nicolet and Peetermans, 1973] in the vertical and latitudinal 
vertical profiles of stratospheric CH, . At the same time the at-
mospheric CHt cycle should be considered along with its 
various aspects involving the decomposing organic matter 
[Rohinson and Robbins, 1971], the exact " C content [Ehhalt. 

1967], and even spécial sources [Deuser et al., 1973]. Since 

méthane is subject to loss processes in the whole atmosphère 
with no re-formation process, its pénétration into the 
stratosphère and mésosphère must be determined with great 
accuracy. At the présent time, its résidence time in the 
troposphère is not known with précision [Junge, 1974]. 

Nitrous oxide may be compared with méthane, since they 
both have a natural origin and are both destroyed without any 
re-formation in the atmosphère. However, it seems that the 
loss process of N j O molécules is due to a photodissociation 
process. The vertical distribution of its absolute concentration 
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Fig. 42. Observed (January 1974) nitric acid amount as determined by the University of Denver; Murcray et al. [1975]. 

in the upper s t ra tosphère should be known at var ious 

latitudes, since N j O leads to N O when it reacts with 0(^D). 

The detailed study by Schiitz et al. [1970] shows that the 

average mixing ra t io is 2.5 X 10" ' in the t roposphère with 

perhaps an increase f rom 1966 to 1969 corresponding to the 

observation period. Since océans and land act as sources of 

nitrous oxide [Hahn, 1974], a résidence t ime of the order of 10 

years [Junge, 1974] is short in compar ison with the lifetime in 

the solar radiat ion field. Another loss process is required or the 

absorpt ion cross sections of N j O in the ultraviolet spectrum 

will not be correct. It is extremely impor tan t to develop an 

observational study of ni t rous oxide, since it is directly related 

to the produc t ion of s t ratospheric nitric oxide. 

Fur thermore , the problem of the oxides of nitrogen and of 

the oxyacids of ni t rogen is far f rom solut ion. The superabun-

dance of sources of nitric oxide as described in the section on 

reactions in a ni t rogen-hydrogen-oxygen a tmosphère indicates 

that it is not yet possible to make quant i ta t ive s ta tements 

without in t roducing ad hoc working hypothèses. We cannot 

here discuss the var ious observat ional and theoretical aspects. 

However, if we consider the first observat ional results as 

described by Ackerman [1975], we see (Figure 39) that the 

variation of the N O concentra t ions in the s t ra tosphère re-

quires an in terpré ta t ion, since the nitrogen oxides are in-

troduced in the s t ra tospher ic models . On the other hand , the 

observational results on the N O j concentrat ions in the 

stratosphère (and t roposphère ) as illustrated in Figure 40 are 

not yet suffîcient to check the validity of theoretical results, 

particularly of the s t ra tospheric models giving the vertical dis-

tribution of the ozone concentra t ion . Observat ions at various 

latitudes are needed. 

Finally, n i t rous and nitric acids must remain the subject of 

carefui observat ional analysis, since they are involved in the 

nitric oxide cycle. Récent measurements at g round level of 

HNO2 by Nash [1974] lead to mixing rat ios f rom 1 to 10 ppb 

which must be explained by its var ious react ions with nitrogen 

oxides and hydroxy l a n d h y d r o p e r o x y l rad ica l s . T h e 

stratospheric rôle of H N O 3 as a loss process of nitrogen oxides 

requires spécial a t tent ion. Récent measurements as shown in 

Figure 41 reveal the range of possible var ia t ions and par-

ticularly of the vertical d is t r ibut ion in the lower s t ra tosphère . 

Very important observat ions have been m a d e in 1974 by 

Murcray et al. [1975] on the H N O 3 total content at al t i tudes of 

12-16 and 18 km. An example of their results is given in Figure 

42 and clearly shows a s t rong lat i tude efTect and also a 

seasonal effect. A variat ion of more than a factor of 3 must be 

taken into account in the analysis of the action of nitrogen ox-

ides. There is therefore a clear indicat ion tha t the int roduct ion 

of observational da ta on s t ra tospher ic trace const i tuents in the 

analysis of s t ratospheric ozone will modi fy the présent quan-

titative conclusions deduced f rom the theoretical models , 

which cannot consider ail aspects related to ae ronomic and 

meteorological processes. 
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