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FOREWORD 

The present paper has been presented at the International 
Conference on Environmental Pollution, held in Thessaloniki (Greece) 
from September 21 to 24, 1981. It will be published in the proceedings 
of the conference. 

AVANT-PROPOS 

Ce texte a été présenté à la Conférence Internationale sur la 
Pollution de l'Environnement qui s'est tennp à Salnnique (Grèce) du 21 
au 24 septembre 1981. Il sera publié dans les comptes rendus de la 
conférence. 

VOORWOORD 

Deze tekst werd voorgedragen op de Internationale Conferentie 
over de Milieuverontreiniging die plaatsvond in Thessaloniki 
(Griekenland) van 21 tot 24 september 1981. Hij zal verschijnen in de 
mededelingen van de Conferentie. 

VORWORT 

Dieser Text wurd zur "International Conference on 
Environmental Pollution" in Saloniki (Griechenland) vom 21. zum 24. 
September 1981, vorgestellt. Er wird in die Mitteilungen der Konferenz 
herausgegeben werden. 



THE NATURAL AND PERTURBED OZONOSPHERE 

by 

G. BRASSEUR, A. DE RUDDER and A. ROUCOUR 

Abstract 

The purpose of the present study is to describe the behavior 
of the most important stratospheric minor constituents. A synthetic 
review of the principal chemical and photochemical processes is given. 

One-dimensional models are quite adequate to test the chemical 
and photochemical scheme which is provided by the laboratory work. Even 
if the knowledge of the quantitative values of the rate constants has 
been greatly improved in the recent past, many unsolved problems remain. 
In particular, the odd hydrogen distribution which is a central question 
in the stratosphere as well as the water vapor budget need further 
consideration. The calculated amount of most long-lived species produced 
at ground level and transported into the stratosphere is generally 
overestimated. There are some difficulties in reproducing the vertical 
distribution of these gases with a unique eddy diffusion profile. The 
budget of odd chlorine and odd nitrogen in the upper stratosphere is not 
completely understood. 

Perturbation of the ozonosphere due to anthropogenic emissions 
of chlorofluorocarbons and of nitrogen oxide is considered. Simulations 
of the atmospheric response to a permanent injection of CFCs lead to an 
ozone depletion whose relative magnitude is smaller than the numbers 
provided earlier. However, these results depend on the input conditions 
imposed for the model calculation. 



Résumé 

Ce travail a pour objectif de décrire de manière synthétique 
le comportement des constituants minoritaires de la stratosphère ainsi 
que les principaux processus chimiques et photochimiques de cette région 
de l'atmosphère. 

Cette description est basée sur les résultats d'un modèle 
unidlmensionnel qui est surtout utile pour confronter à l'observation 
les schémas réactionnels résultant des travaux de cinétique chimique. 
Même si les données de laboratoire se sont précisées depuis quelques 
années, il subsiste plusieurs problèmes à résoudre. A titre d'exemple, 
le calcul de la distribution des composés de l'hydrogène reste imprécis 
parce que le bilan global de la vapeur d'eau n'est qu'insuffisamment 
connu. La concentration stratosphérique des espèces chimiques formées au 
niveau du sol et transportées vers la stratosphère est généralement 
surestimée par le calcul. Parmi les difficultés qui subsistent, il faut 
encore citer la difficulté de reproduire correctement la distribution 
verticale de tous les constituants chimiques avec un seul coefficient de 
transport vertical. Enfin, le bilan des composés chlorés et azotés n'est 
toujours pas correctement établi, notamment dans la partie supérieure de 
la stratosphère. 

Le présent travail s'intéresse également à l'effet des 
perturbations d'origine humaine sur l'ozone atmosphérique. L'effet des 
chlorofluorocarbones, calculé par le modèle mathématique, semble moins 
considérable que celui qui avait été déterminé précédemment sur base de 
la cinétique chimique adoptée il y a quelques années. 
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Samenvatting 

Deze studie heeft tot doel het gedrag te beschrijven van de 

belangrijkste minderheidsbestanddelen in de stratosfeer. Een synthetisch 

overzicht van de voornaamste chemische en fotochemische processen wordt 

gegeven. 

Eén-dimensionele modellen laten toe de chemische en foto-

chemische reactieschemas die het resultaat zijn van laboratorium-

onderzoek te toetsen. Ondanks het feit dat de laboratoriumgegevens de 

laatste jaren sterk werd verbeterd blijven nog verschillende problemen 

onopgelost. De berekening van de distributie van de waterstof-

verbindingen is, ten titel van voorbeeld, onnauwkeurig omdat de globale 

balans van waterdamp onvoldoende is gekend. De stratosferische 

concentratie van de chemische bestanddelen gevormd op grondniveau en 

getransporteerd naar de stratosfeer wordt, over het algemeen, overschat. 

Er zijn ook moeilijkheden met het nauwkeurig weergeven van de vertikale 

verdeling van deze gassen door middel van één enkele vertikale 

transportcoefficient. Verder is de balans van de chloor- en stikstof-

verbindingen nog altijd niet nauwkeurig vastgesteld, voornamelijk in de 

hoge stratosfeer. 

Dit werk behandeld eveneens de invloed van verstoringen van de 

ozonosfeer te wijten aan menselijke ingrepen. Het effect van de freon-

verbindingen, berekend door het wiskundig model, op een eventuele afname 

van de hoeveelheid ozon schijnt kleiner te zijn dan hetgeen enkele jaren 

geleden werd bepaald. 
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Zusammenfassung 

Diese Arbeit has als Ziel das Betragen der wichtigsten strato-
sphärischen Minderheitskomponenten zu beschreiben. Eine synthetische 
Übersicht der wichtigsten chemischen und photochemischen Prozessen wird 
gegeben. 

Eindimensionale Modellen sind angemessen um die chemische und 
photochemische Laboratoriumprozessen auszuprüfen. Obwohl die Kenntniss 
der quantitativen Werten der Reaktionsgeschwindigkeiten während der 
letzten Jahren sehr verbessert wurde, bleiben viele Problemen ungelöst. 
Zum Beispiel ist die Abrechnung der Wasserstoffkomponenten noch immer 
ungenau weil die Wasserbilanz noch nicht genug bekannt ist. Die strato-
sphärische Dichte der chemischen Komponenten, die auf dem Grund 
aufgebraut und in die Stratosphäre transportiert werden, ist im 
allgemein überschätzt. Es gibt Schwierigkeiten um die senkrechte 
Distribution dieser Komponenten mit einem einzigen Profil der 
Austauschskoeffizient zu berechnen. Die Bilanz der Chlor- und Stikstoff-
komponenten in der höheren Stratosphäre ist noch nicht ganz verstanden. 

Störungen der Ozonosphäre durch Menschenchlorofluorocarbon und 
Stickstoffenoxyden sind betract. Simulationen der atmosphärischen 
Reaktion zu einer durlaufenden Injektion von CFC ergeben Ozon-
verminderungen die kleiner sind als frühere Berechnungen. 



1. INTRODUCTION 

' Ozone is of great importance to the human environment. 
Although the amount of this constituent relatively to the total atmo-
spheric gas is only of the order of 5 x 10 ^, it strongly absorbs solar 
ultraviolet radiation which would have biologically harmful effects if 
it penetrated to the Earth's surface. Moreover, this absorption leads to 
a considerable heating of the upper stratosphere and affects therefore 
the atmospheric thermal structure and the general circulation. 

In recent years, a number of hypotheses have been put forward 
to show that the injection of various antropogenic gases could lead to a 
depletion of the ozone amount. Nitrogen oxides injected in the strato-
sphere by high altitude aircraft have been considered by Johnston (1971) 
and Crutzen (1970; 1972) to be a real threat to the ozone layer. The 
release of NO by thermonuclear explosions (Foley and Ruderman, 1972; 
1973; Goldsmith et al, 1973; Johnston et al, 1973; Bauer and Gilmore, 
1975; Brasseur, 1978) and nitrogen fertilizers (Crutzen, 1974; Mc Elroy 
et al, 1976) with the possible impact on the ozonosphere has also been 
considered. 

More recently, Molina and Rowland (1974) have predicted large 
ozone depletion in relation with the injection chlorofluorocarbons 
produced in large amount by the industry. The seriousness of this 
problem arises from the rapid increase of the CFC production and from 
the long time scales for the effects to be seen. 



Most analyses of the aeronomical and meteorological mechanisms 
are based on mathematical computer models which have become essential 
diagnostic and prognostic tools. These models solve a large number of 
continuity equations representing the chemical and photochemical 
reactions as well as the effect of the motions which are responsible for 
the transport of the long-lived species. In the most sophisticated 
models, the momentum and the energy conservation equations are also 
solved in order to make the atmospheric energetics consistent with the 
chemistry and the photochemistry. 

Theoc queotions have been widely discussed by the inter-
national scientific community and official reports have been published 
by several national or international agencies. The purpose of this paper 
is only to review the main processes involved in the ozone problem and 
to the present some model results, in particular the distribution of 
several constituents and the predictions of the likely effects of 
anthropogenic gases. 

2. CHEMICAL AND PHOTOCHEMICAL PROCESSES IN THE STRATOSPIffiRE 

The purpose of this section is not to undertake a complete 
analysis of the aeronomical processes in the stratosphere but to point 
out the chemical and photochemical reactions which are essential to 
carry out a quantitative treatment of the ozone chemistry. Further 
details can be found in review papers which have been recently published 
(see e.g. Nicolet, 1975; Logan et al. , 1978; Johnston and Podolske, 
1978). 

The balance of the various atmospheric species can be 
established by writing for the concentration n^ of each constituent i a 
continuity equation 



ôn . 
5 T + d i v = pi " Li ( 1 ) 

where is the particle flux, P^ and L^ are respectively the local rate 
of formation and of destruction. The particle flux has to be derived 
from the momentum and the energy balance equations. 

The first photochemical theory of ozone was presented in Paris 
in 1929 by Chapman and published in 1930. This theory was able to 
explain the presence of an ozone layer in the middle stratosphere. 
Twenty years later, it was pointed out by Bates and Nicolet (1950) that 
the effect of hydrogen radicals was of major importance in the meso-
sphere and in the upper stratosphere. The possibility of an ozone 
depletion by nitrogen oxides was suggested in 1970 by Crutzen (1970) 
and, since the publication of the famous paper by Johnston (1971), 
special attention has been given to the action of anthropogenic NO^ 
released in the atmosphere by stratospheric aircraft. Also the effects 
of nitrate fertilizers, of PCA events and of cosmic rays on the ozono-
sphere have been considered. More recently Stolarski and Cicerone (1974) 
suggested that chlorine might constitute an important sink for strato-
spheric ozone and Molina and Rowland (1974) showed that chlorine could 
be present in the atmosphere in relatively large amounts due to the 
industrial release of chlorofluoromethanes at ground level. 

These brief considerations show the necessity of treating the 
stratosphere as a complex interacting chemical system. However, for 
clarity of presentation, the various reactions will be considered in 
progression and different steps introduced. 
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2.1. Ozone in a pure oxygen atmosphere 

Ozone is produced essentially between the altitudes of 25 and 
60 km. In this atmospheric region, a large number of oxygen molecules 
are dissociated by U.V. radiation below 242.4 nm. The oxygen atoms 
produced in this way react rapidly with molecular oxygen to form ozone 

(J ) ; 0 2 + hv - 0 + 0 
2 

(k2) ; 0 + 0 2 + M -» 0 3 + M 

where M is a third body (M ~ N2 or 0 2 c33cntially). 

The instantaneous production rate of ozone P(0g) = 2 JQ n(02) 
varies with altitude, solar zenith angle and ozone content. Integration 
over the whole atmosphere leads to an ozone production of the order of 
10^ g/yr. Additional sources are believed to be very small except in 
the troposphere and in the lower stratosphere where "smog" reactions 
based on nitrogen oxides and methane are important. The strength of this 
latter source will appear later in this section. 

Ozone is weakly photolyzed to produce stable triplet oxygen 
•2 

atoms 0( P) by visible light (450 - 650 nm) and by UV radiation of 
wavelength greater than 310 nm 

(JQ )• ; o 3 + hv 0(3P) + o 2 

Below 310 nm, the photodissociation leads to 0(*D) atoms : 

(JQ*) ; 0 3 + hv O^D) + 0 2 
3 

The majority of these electronically excited oxygen atoms are de-
3 

activated by atmospheric molecules to form 0( P) but a small fraction of 
them react with nitrous oxide, water vapor, methane, molecular hydrogen, 
etc... as it will be seen in the following sections. 



Most of the ground state oxygen atoms react with 0 2 by 
reaction (k2) to reform ozone but a small fraction of them recombine 
with ozone 

(k3) ; 0 + 0 3 -> 0 2 + 0 2 

so that the loss rate of ozone in a pure oxygen atmosphere can be 
written L(C>3) = 2k3 n(0) n(03). 

This simple description, represented in fig. 1 is called the 
Chapman theory of ozone. One can easily show that the corresponding 
equilibrium time scale of C>3 is less than 1 day at 4b km and larger than 
1 year below 25 km. Thus the behavior of ozone will largely differ with 
altitude : photochemical equilibrium conditions may be assumed in the 
upper stratosphere but a wide departure occurs in the lower strato-
sphere, where transport phenomena predominate. 

3 
The kinetic equations for atomic oxygen 0( P) and for ozone 

can be written 

+ k2 n(M) n(02) n(0) + k3 n(03) n(0) 

= 2 J n(0 ) + J n(0 ) (2) 
2 3 dn(0 ) 

3 + (J. + J* ) n(Oj + k_n(0) n(0o) = k0 n(M) n(0„) (3) dt v 0 3 03
J v 3' K J 2 v 2 

Since the lifetime of atomic oxygen in the stratosphere is 
very short, photochemical equilibrium conditions can be adopted (i.e. 
d/dt = 0) and the following expression is a good approximation 

n ( 0 ) _ J°3 , (4) 
n(0 ) k2 n(M) n(0 ) ' 

When photochemical equilibrium conditions are valid (above 
25 km), the ozone concentration can be quantitatively derived from 
expression (5). 



Fig. 1.- Aeronomic reactions in A pure oxygen atmosphere. 
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n(M) n 2(0 2) ^ (5) 

The Chapman theory, and in particular the use of equation (5), 
leads to a vertical distribution of ozone which does not fit the 
observations with sufficient precision. In the upper stratosphere and in 
the mesosphere where photochemical equilibrium conditions may be assumed, 
the calculated concentration is larger than the reported observations. 
The discrepancy can be explained by the simplicity of the chemical 
reaction scheme and different corrections have to be introduced. 

2.2. The effect of hydrogen compounds 

The first correction may be attributed to the hydrogenated 
free radicals. The reaction of O^D) atoms with water vapor, methane and 
molecular hydrogen 

(a *); O^D) + H20 ^ OH + OH 

(a2*); Of^D) + CH^ -» CH3 + OH 

(a3*); O^D) + H 2 ^ OH + H 

leads to the formation of hydroxyl radicals and of hydrogen atoms and, 
after subsequent reaction via 

(aj) ; H + 0 2 + M H 0 2 + M , 

to hydroperoxyl radicals. 

The following reactions 

2 °2 

= c 

(a2) ; H + 0 3 ^ OH + 0 2 



8.-

(a
fi
) ; OH + 0

3
 ^ H0

2
 + 0

2 

( a
6 b
) ; HO2 + 0

3
 + OH + 20

2 

(a ) ; OH + 0 ^ H + 0
2 

(a
?
) ; H0

2
 + 0 ^ OH + 0

2 

constitute destruction mechanisms of odd oxygen with a rate 

L

H0
 ( 0

3
) = [ a

2
 q ( H ) + a

6
 n ( 0 H ) + a

6b
 n

(
H 0

2
^

 q ( 0

3
) 

+ [a
5
 n(OH) + a

?
 n(H0

2
)] n(0) 

These chemical reactions of HO^ are coupled also by conversion processes 

which introduce the action of NO and CO : 

( a
2 6
) ; H0

2
 + NO N0

2
 + OH 

( a
3 6
) ; OH + CO C0

2
 + H. 

In a more detailed analysis, other molecules such as HNO^, H 0
2
N 0

2
, H

2
0

2
, 

CH^, H0C1 have to be considered. Figure 2 shows a schematic representa-

tion of the.HO reaction scheme in the stratosphere. 

Since hydroxyl and hyroperoxyl radicals have a very short 

lifetime in the atmosphere, equilibrium conditions can usually be 

adopted. Therefore, neglecting the slowest reactions, the steady state 

equations for H and H0
2
 give the ratio of H0

2
 to OH as 

a n(0) + a n(CO) 
5 36 

n(H0
2
) 

n(OH) ~ a n(0) + n(NO) + a ^ n ( O j 
7 26 6b 3 

aj n(M) n(0 ) 

3j n(M) n(0
2
) + a

2
 n(0

3
) 

+ 

3

6
 n (

°3
} 

a. n(0) + a n(CO) 
j Jo 

(6) 



Fig. 2.- Main chemical reactions in the stratosphere related to the 
hydroxy1 radicals. 
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Near the stratopause, a good approximation to expression (6) is 

n(H02> a5 

n(0H) a7 

while, in the lower stratosphre, one may write 

n(H0„) a, n(0 ) + a n(C0) 2 _ 6 3 36 
n(0H) a 6 b n(03> + a ^ n(N0) 

The most important destruction reaction for H0x in the middle 
and upper stratosphere is the recombination of OH and H02 

(a1?) ; OH + H02 H20 + 0 2 

In the lower stratosphere and in the troposphere, the main destruction 
is due to the following reactions : 

OH + HN03 •*• H 20 + N03 

OH + HO2NO2 H2O + NO2 + O 2 

OH + H 20 2 H20 + H02 

Moreover the reaction 

(c2) ; CH4 + OH CH3 + H20 

has to be taken into account and the global balance of hydroxyl and 
hydroperoxyl radicals can be written in a simple form by the following 
equation (see Nicolet, 1975) 

n(0(*D)) [a* n(H20) + a* ( ^ ) n(CH4) + a* n(H2)] = a J 7 n(0H) n(H02) 

+ c2 ( ) n ( C H 4 ) n ( 0 H ) (7) 
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where X is a function related to the branching ratio of the photo-

dissociation rate of formaldehyde (Nicolet, 1975); its value is in the 

range of 1-2. 

2.3. The effect of nitrogen oxides 

The second correction which has to be applied to the Chapman 

theory is the effect of nitrogen oxides. The main source of nitric oxide 

NO is due to the oxidation of nitroux oxide ^ 0 . This latter constituent 

is produced at ground level by anaerobic bacterial processes. It is 

transported into the stratosphere where it is photodissociated 

( J

N
2
0

} ; N

2°
 + h V

 "
 N

2
 + 0 ( l D ) 

or destroyed by oxidation : 

( b
3 g
) ; N

2
0 +-0(

1

D) - N
2
 + 0

2 

/ 

( b
3 g
) ; N

2
0 + 0(

1

D) -> 2N0 

The continuity equation for nitrous oxide is thus 

9n(N 0) . 

+ div $ (N
2
0) + [J

N Q
 + (b

3 g
 + b

3 9
) n(0( D))] n(N

2
0) = 0. 

2

 (8) 

and the production rate of NO is 

P(NO) = 2 b
3 9
 n(0(*D)) n(N

2
0). 

As mentioned above, additional sources of nitric oxide can be 

considered : the dissociative ionization of N
2
 by cosmic rays (see 

Brasseur and Nicolet, 1973; Nicolet, 1974) or the effect of PCA events 

(see Crutzen et al., 1975). 
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Nitric oxide is converted into nitrogen dioxide by reactions 

(b 4) ; NO + 0 3 -» N0 2 + 0 2 

( a 2 6 ) ; NO + H0 2 N0 2 + OH 

(c 5) ; NO + C H 3 0 2 N0 2 + CH 30 

but N0 2 is quickly reconverted into NO during the day by the following 

processes : 

( J N 0 ) ; no 2 + hv ^ NO + 0 

(b 3) ; N0 2 + 0 NO + 0 2 

The ratio of the NO to N0 2 concentration is thus given by 

n(NO) J N O . + b n(0) = ? ^ ( 9 ) 

n(N0 2) b 4 n(0 3) + a ^ n(H0 2) + c 5 n(CH 30 2) 

It can be easily seen that reactions (b^) and (b 3) constitute a cata-

lytical cycle destroying odd oxygen. Considering that the photo-

dissociation of N0 2 leads to the formation of 0( P) which is quickly 

transformed by reaction (k 2) into ozone, the additional source term of 

0 3 related to nitrogen oxide becomes 

P N 0 ( V * ^ 0 ' V = J N 0 o
 n ( N 0 2 ) " b 4 n ( N 0 ) n (°3 ) ' b 3 n ( N°2 ) n ( 0 ) 

x x 2 

or, if expression (9) is used, 

P N 0 (°3) " ^ 0 (°3} = [ a26 n ( H°2 ) + C 5 n ( C H
3 °2 ) ] n ( N 0 ) " 2 b 3 n ( N°2 n ( 0 ) 

X x 

Thus, it appears that the action of nitrogen oxides on ozone is 

characterized by an additional loss term in the middle and upper strato-

sphere and a production term in the lower stratosphere and in the tropo-
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sphere, as shown in fig. 3. In the simple model which has been used for 
the computation of P N Q (C>3) and L ^ (C>3), the cross-over point appears 
to be at the altitude of 13 km. Thus the ozone production due to 
nitrogen oxides which is of great importance to understanding the ozone 
budget, requires a precise determination of the H02 and CH^C^ concentra-
tions. 

Other reactions have to be considered since they convert NO 
and NO^ into other molecules which have no direct chemical effect on 
ozone and thus constitute reservoirs for nitrogen oxides. These 
molecules are for example N03> N ^ , HN03> H02N02, etc... The most 
important processes are 

- formation and destruction of HN03 

(b22) ; N02 +• OH + M HN03 + M 
( J M Q ) ; HN03 + hv ^ N02 + OH 
(b2?) ; HN03 + OH -»• N03 + H 20 

- formation and destruction of N03 

(b9) 
jl 
NOo 
J2 
j n o 3 

N02 + 0 3 N03 + 0 2 

N03 + hv -»• NO + 0 2 

N03 + hv -»• N02 + 0 

formation and destruction of N20^ 

( b 1 2 ) ; N03 + N02 + M - N 20 5 + M 

(JN 0 ) ; n 2o 5 + hv - no3 + no2 

( b 3 2 ) 5 ; N 20 5 + M - N03 + N02 + M 

- formation and destruction of H02N02 

(b23) ; N02 + H02 - H02N02 

( JH0 NO } ' H 0 2 N 0 2 + h V * N °2 + H ° 2 
2 2 



REACTION RATE (molecules cm3) 

Fig. 3.- Production rate and destruction rate of 
oxides. 

107 

ozone by nitrogen 
t—» -O 
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Figure 4 gives a diagram of the principal reactions related to 
nitrogen oxides in the stratosphere and in the mesosphere (where atomic 
nitrogen has to be taken into account. 

2.4. The effect of chlorinated species 

The third correction to the Chapman theory of ozone is the 
introduction into the reaction scheme of chlorine and its derivatives. 
Chlorine atoms are produced by dissociation of halocarbons which are 
released at ground level and diffuse slowly towards the stratosphere. 
The main natural source of chlorine seems to be due to methyl chloride 
CH^Cl which is photodissociated in the stratosphere 

<JCH Cl> ' C H3 C 1 + h V * C H3 + C 1 
3 

or destroyed by OH in the stratosphere and in the troposphere 

(d1) ; CH3C1 + OH CH2C1 + H20 . 

The industrial halocarbons which play the major role as anthropogenic 
sources of chlorine are carbon tetrachloride CCl^, trichlorofluoro-
methane CFC13 (freon 11) and dichlorodifluoromethane CF2C12 (freon 12). 
These gases are photolyzed in the stratosphere by UV radiation 

' (JCC1 } ' C C 14 + h V * C C 13 + C 1 
4 

(JCFC13
) 5 C F C 13 + h V " C F C 12 + C 1 

(JCF CI ) ' C F2 C 12 + h V " C F2 C 1 + C 1 ' 2 2 
t 

The continuity equations for these species are 



•OH»M 

4U\\ 
JII Q3

 JHNO3- *
HV' 

_ N O , 
4 4 

•NO, M *hv 
I2 I 

b,2 b 3 2 

N^O* 

HNO 2 

y r ~ 
• O H 
bj 
J 
'27 

ig. 4. Main chemical and photochemical reactions of the 
species in the stratosphere. 

nitrogen 
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6n (CH CI) 

rtt 
+ div <|> (CH

3
C1) + [J

C H C 1
 + d

]
 n(OH) ] n(CH

3
Cl) = 0 (10) 

3 

dn (CC1 ) 

— + div | (CC1
4
) + J

C C 1
 n(CCl

4
) = 0 (11) 

4 

an (CFC1J -v 
3_ + div $ (CFC1,) + J

r
_

r
. n(CFCl_) = 0 

dt
 3

 3
 3 ( 12 

dn(CF.Cl.) . 
— + div <j> (CF

2
C1

2
) + J

c p
. n(CF

2
Cl

2
) = 0 (13) 

2 2 
at 

Similar equations can be written for the other halocarbons which are 

released in the atmosphere. But considering only these four constituents 

and assuming that they are completely dissociated after subsequent 

reactions, the production rate of chlorine atoms is given by 

P(C1X) = 4 J
C C 1

 n(CCl
4
) + 3 J

C F C 1
 n(CFCl

3
) + 2 J

C F
 n(CF CI ) 

4 3 2 2 

+ [ J
C H C 1

 + d
?
 n(0H)] n(CH

3
Cl) 

The chlorine atoms react rapidly with ozone to form chlorine 

monoxide CIO which is reconverted into CI by atomic oxygen and nitric 

oxide 

(d
2
) 

(d
3
) 

(d
4
) 

CI + 0
3
 -» CIO + 0

2 

CIO + 0 -» CI + 0
2 

CIO + NO -»• CI + N0
2 

The coupling of reactions (d
2
) and (d

3
) constitute a catalytic cycle for 

the destruction of odd oxygen and the corresponding loss rate for 0^ is 

L

C1X
 ( 0

x
) = 2 d

3
 n ( C 1 0 ) n ( 0 ) 
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The ratio of the CI to the CIO concentration is given by 

n(Cl) d_ n(0) * d n(NO) 
- _J ^ (14) 

n(C10) d
2
 n(0 ) 

Again, other reactions have to be considered since they lead to the 

formation of molecules such as HC1, ClONO^, H0C1 which const itut<-

"reservoirs" for chlorine atoms and chlorine monoxide. The im.st 

important processes are 

- Formation and destruction of HC1 

CI + CH, - HC1 + CH, 
4 j 

CI + H0
2
 - HC1 + 0

2 

HC1 + hv •» H + CI 

HC1 + OH -» H
2
0 + CI 

- Formation and destruction of C10N0
2 

CIO + N0
2
 + M + C10N0

2
 + M 

C10N0
2
 + hv + CIO + N0

o 

C10N0
2
 + 0 -» products 

- Formation and destruction of H0C1 

CIO + H0
2
 -» H0C1 + 0

2 

H0C1 + hv - CI + OH 

The C1X chemistry in the stratosphere is schematically represented on 

fig. 5. This last equation can be simplified when the relations between 

NO and N0
2
 on the one hand and between CI and CIO on the other hand are 

expressed. An approximate but general balance equation for ozone can be 

written : 
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Fig. 5.- Main chemical and photochemical reactions of the chlorine 
species in the stratosphere. 
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9" (°3} + div | (0 ) + 2k n(0) n(0 ) 
at 

+ U 5 n(OH) + a7 n(H02) + 2b3 n(NC>2) + 2d3 n(C10)] n(0) 

+ [a2 n(H) + a6 n(OH) + a6b n(H02)] n(03) 

= 2 J ^ n ( 0 2 ) + [a26 n(H02) + c5 nCCH^)] n(NO) (15) 

It should be emphasized that the transport term (div $(0^)) becomes 
dominant in the regions where the replacement time X = n(03)/P(03j 
becomes larger than the residence time of inert tracers, roughly two 
years. Near the equator, the photochemical replacement times are very 
short compared to stratospheric residence times except near the tropo-
pause, where the times are comparable. At middle and high latitude, the 
ozone replacement time T below 20 km are much longer than residence 
times. In the region where T is between 4 months and 10 years, the ozone 
distribution is a complicated function of photochemical formation, air 
transport and chemical destruction. 

The efficiency of a chemical reaction is described by its rate 
constant which is generally a function of the temperature T. Table 1 
gives the presently preferred values of the rate constants 
characterizing the most important chemical reactions in the ozonosphere.o 
The efficiency of a photochemical reaction is provided by the photo-
dissociation coefficient J of the corresponding molecule X. It is given 
by the following expression : 

J (X; z, x) = ƒ e(X; \ ) . o(X; \ ) . q(X, z, x)• dK (16) 

À ' 
where CT(X; \) is the absorption cross section at wavelength K, e(X, K) 

is the corresponding quantum yield of the photodissociation and q(A, z, 
X) is the solar irradiance at altitude z and for a zenith angle of the 
Sun given by X- The integral has to be performed on all wavelengths 
which have to be considered for the photodissociation. When penetrating 



TABLE 1 : Reaction rates of the most important reactions in the strat' 

sphere (WMO, 1982). 
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Three-body reactions with the following expression for their rate 
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TABLE 2 : Photochemical reactions in the stratosphe 

0 2 + hv -» 0 + 0 
0 3 + hv 0 + 0 2 

+ hv -> O ^ D ) + 0 2 

NO + hv -» N + 0 
N02 + hv -» NO + 0 
NO^ + hv -» products 
N20 +-hv N 2 + O ^ D ) 
N20<. + hv •» products 
H20 + hv -» H + OH 
H 20 2 + hv -» OH + OH 
HN03 + hv -» OH + N02 

1LN0, + hv' •* products 
H 

C02 + hv -» CO + 0 
CH, + hv •* products 

k 

CIO + hv -» CI + 0 
HC1 + hv H + CI 
H0C1 + hv -» OH + CI 
C10N02 + hv -* products 
CC1. + hv -» products A 
CC13F + hv -» products 
CC12F2 + hv products 
CH^Cl + hv products 
CH_CC10 + hv products 
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in the atmosphere, the solar irradiance is attenuated by absorption 

essentially by molecular oxygen and by ozone. Its value can also be 

altered by scattering effects and by the albedo of the Earth, especially 

for the wavelengths larger than 300 nm. Table 2 shows the most important 

photodissociation processes in the stratosphere. 

3. DYNAMICAL AND THERMAL PROCESSES IN THE STRATOSPHERE 

Long-lived traces such as CH^, N 2 0 , CFCs, H 2 0 , H 2 in the whole 

atmosphere or such as water vapor in the lower part of the stratosphere 

are transported by air motion. Heat produced by sunlight absorption is 

also subject to atmospheric transport in different atmospheric regions. 

The description of the dynamical processes in the atmosphere is very 

complicated since one has to consider simultaneously mean motion, waves 

characterized by different scales, eddies, etc... and the mutual 

interactions between these various mechanisms. Since this paper is 

devoted mainly to chemical processes, only the general equations will be 

given hereafter. 

3.1. Governing equations of atmospheric dynamics 

The basic continuity equations of momentum and energy with 

proper boundary and initial conditions can in principle describe the 

detailed physical state of the atmosphere. These non linear partial 

differential equations, which apply in three dimensions, cannot be 

treated without severe approximations using the available computer 

facilities. The conservation of momentum and of energy may be written 

respectively as 

dT _ 1 d£ Q_ 
dt pC p dt C p 

(17) 

(18) 
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where p is the pressure, p the density, T the absolute temperature, V 
air velocity, ^ the Earth angular velocity, F the frictional force per 
unit mass, Q the net (diabatic) heating rate, g the apparent accelera-
tion due to the Earth gravity and C^ the specific heat of air at 
constant pressure. It can be shown (see e.g. Brasseur, 1982) that these 
equations can be developed in three dimensional spherical coordinates as 

9 u + u . v 3 f ' , 9u — + —r- + -— (u COS Cp) + W at a cos cp a A. a cos co 6 cp 3z 

- f v + p a cos cp fx " FX = 0 (19-») 

3v u 3v , v 3v , 3v , te cp + + — + w — + g Y u at a cos cp a\ a 9cp 6z a 

+ fu + I 2 - F = 0 (19.b) pa 3cp cp 1 ; 

2 3w u 3 v 7 v 3 v ? u — + — + + — + 2 ft cos cp u at a cos cp 3X a 3cp a 

+ « + I S " Fz = 0 (19-0 

3T + u 3T + v 3T + 3T 
3t a cos cp 3X a 9 cp 3z 

- . ! _ ( § £ + § £ + X § E + w 1 E ) = 2 _ ( 2 0 ) 

pC at a cos cp ax a acp oz c p
 T T p 

where a is the Earth radius, f = 2 Q sin cp the Coriolis factor, X,cpand z 
respectively the longitude, the latitude and the altitude, u, v and w 
respectively the zonal, meridional and vertical component of the wind 
velocity. These variables are not independent since the conservation of 
mass has to be satisfied through the following continuity equation 



27.-

+ —T (v cos cp) + — = 0 (21) • a cos cp a cos <p 6cp 6z H 

where H = kT/mg is the atmospheric scale height. 

3.2. Thermal processes in the stratosphere 

The heating rate in the stratosphere is due mainly to the 
absorption of ultraviolet radiation by ozone in the Hartley and Huggins 
bands. Its value depends critically on the concentration of and is 
given by (if expressed in K/day) 

n(0 ) , 
P = J <J(03; A) F(X, z, x) d\ (22) 

P P X 
where F is the solar energy flux at wavelength at altitude z and for 
a solar zenith angle X-

The cooling of the atmosphere below 80 km is due mainly to the 
infrared emission of carbon dioxide in the 15 |Jm band. The contribution 
of the 9.6 Mm band emission of ozone accounts for never more than 30-35 
percent. In the stratosphere where local thermodynamic equilibrium 
applies, the cooling rate which is proportional to the Planck function 
is a direct function of the emitting gas temperature and reaches 
therefore a maximum near the stratopause. Fig. 6 shows the heating rate 
due to the different processes occuring in the stratosphere. 



COOLING (K/day) HEATING (K/day) 

Fig. 6.- Differeat contributions of the heating and cooling 
rates in the atmosphere between 0 and 100 km. 
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4. MODELLING OF THE NATURAL OZONOSPHERE 

The treatment of the governing equation requires a proper 
separation of the mean motions and of the waves. In some cases, the 
three-dimensional problem is reduced to a two-dimensional or even a 
one-dimensional representation. Even with these simplifications, 
valuable conclusions can be obtained. 

One of the purposes of numerical models is to verify if the 
adopted chemical and photochemical scheme with its related rate 
constants takes into account the most important atmospheric processes. 
In order to achieve this goal, the concentration fields obtained 
theoretically are compared with the available observations. The 
discrepancies have to be attributed either to missing reactions, to 
errors in some reaction rates or to an inadequateness in the transport 
parametrization. 

In the recent years, several numerical models have been 
developped with various degrees of sophistication^. In the most 
comprehensive two or three dimensional models, detailled dynamical 
processes are considered as well as feedback mechanisms between 
chemical, radiative, thermal and dynamical aspects. One dimensional 
models which will be considered here give a simplified description of 
the chemical and photochemical processes in the atmosphere. They are 
useful to estimate, without prohibitive computer time, the sensitivity 
of the atmospheric composition to the numerous factors which are 
introduced as input data (rate constants, solar irradiancé,' absorption 
cross section, temperature, vertical exchange coefficients, boundary 
conditions, ...). In this case, the continuity equation (1) becomes 

9n 9$ i . i + at dz i i = P. - L. (23) 

where the vertical flux <1̂  is usually parametrized by an effective 
diffusion equation, namely 
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3f . 
<|> = - K n(M) ^ (24) 

In this expression n(M) is the total atmospheric concentration,f^ is the 

volume mixing ratio of species i, z the altitude and K the so-called 

vertical exchange or eddy diffusion coefficient which can in principle 

be derived from dynamical considerations. However, for practical 

reasons, this phenomenological parameter is usually derived by inverting 

the continuity/transport equation for long-lived trace species (such as 

or CH^) whose vertical distribution is known with a certain degree 

of accuracy. 

The 1-D models, despite the limitations of the K theory, have 

been extensively used in studying perturbations to the ozone layer. The 

purpose of this section is to describe the 1-D model used at the 

Aeronomy Institute and to present some of the most significant results. 

In order to validate the model, calculated and observed distributions 

will be compared. 

4.1. Model description, simplifications and input 

The model which extends up to 100 km altitude considers the 

chemical and photochemical reactions which are given in table 1 and 2. 

It can be run in two different versions : 

1. a steady-state version in which 8/3t is put equal to zero. 

2. a time-dependent version which does not consider daily or seasonal 

variations but which simulates the long term effect of a CFC 

injection. 

Most results have been obtained with the first version which 

consumes little computer time. The main characteristics of the model are 

the following : 
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1. Physical domain of definition : the model extends from 0 to 100 km 

altitude in 1 km vertical steps. 

2. Boundary conditions : the concentration or the flux of the long-

lived species is held fixed at the lower and upper boundaries (see 

table 3). For perturbation calculations the flux of anthropogenic 

compounds produced at ground level is specified. For short-lived 

species, photochemical conditions are adopted and no boundary 

condition is required. 

3. Transport parameters : The exchange coefficients (K) given by fig. 

7 are adopted. 

4. Chemical kinetics system : 0
3 >
 0(

3

P), 0(
1

D), N
2
0 , N, NO, N 0

2
, N ^ , 

H N O
3
, H O

2
N O

2
, H, OH, H O

2
, H

2
O

2
, CH

4
, co, CH

3
CI, CCI

4
, C F

2
C I

2
, 

CFC1
3
, CI, CIO, HC1, H0C1, C10N0

2
 are treated fully interactively 

while 0
2
, N

2
, H

2
0 , H

2
 and C H

3
0

2
 concentrations are specified. 

5. Photodissociation coefficients : The photodissociation rates are 

computed for the following conditions : 24 hours average at 30 

degrees latitude and at the equinox. Solar fluxes are from Brasseur 

and Simon (1981). 

6. Diurnal variations : The diurnal variation of the concentration is 

not computed explicitly since the purpose of the model is to derive 

steady state values representing a 24 hours average. For some 

reservoir species such as N
2
0^ the average concentration is far 

from the concentration obtained with an average solar illumination. 

This constituent is quickly produced during the beginning of the 

night but its destruction during the day is very slow and its 

concentration never reaches a daytime equilibrium value. For such 

temporary reservoir, it is assumed in the model that the nighttime 

production is on the average balanced by the daytime destruction. 

When two constituents (say X and Y) with larger diurnal variations 



TABLE 3 : Boundary conditions. 

Constituent 

NO 
y 

0 (0 + O J 
X 3 

Lower 
bounda ry 
(0 km) 

photochemica1 
equilibrium 
f = 3.0 X 10 
f = 3.0 X 10 

-9 
- 8 

Upper 
boundary 
(100 km) 

N„0 f = 3 3 X 10"7 0 = 0 
2 

CH„C1 f = 8 0 X 10"10 0 = 0 
3 -6 0 = CH4 f = 1 5 X 10 ° 

-7 
0 = 0 

CO f = 1 0 X 10 ' 0 = 0 

CI f = 1 0 X 10"9 0 = 0 
f = 4.3 X 

f = 5.A X 
f = 5.3 X 

(f = volume mixing ratio; 0 = vertical flux). 



Fig. 7.- Adopted profiles of the eddy diffusion coefficient. The curve 
labelled K is used for most calculations. 

OJ 
oJ 
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are reacting together, the average of the product X.Y is different 
from the product of the mean values, namely X.Y. In this case, it 
is assumed in the model that 

X.Y = a X.Y 

where a can only be determined from a detailed diurnal model. In 
the present work, the value of a for the different reactions (e.g. 
NO2 + 0 or CIO + 0) has been imposed in accordance with the day/ 
night variations obtained in current diurnal models. With such a 
parametrization, large time steps or steady state calculations can 
be used, taking into account the effect of the diurnal variation. 

7. Other physical data : temperature are taken from the IAS reference 
model. 

8. Numerical method : in order to avoid stiffness problems when 
solving the set of differential equations, the short-lived species 

• are grouped into families (e.g. odd oxygen, odd nitrogen, odd 
chlorine, ...). Hence the fast rates due to the strong coupling of 
the individual constituents belonging to these families are 
eliminated. The different equations are then solved in sequence 
using a simple implicit discretisation technique. An iteration has 
to be performed in order to deal with the non linear terms. Species 
within the families are assumed to be in mutual photochemical 
equilibrium. 

4.2. Model results 

The interpretation of results provided by the 1-D model is not 
straightforward since the calculated concentrations are necessarily 
global averages over all latitudes and longitudes. Observations are 
obtained at specific locations and time and the comparison with 
calculated profiles is therefore not trivial. Furthermore a satisfactory 
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validation would require observational data of many chemical species 

obtained simultaneously. Since these conditions can not be achieved, the 

analysis of the calculated distributions can only be partial and no 

final conclusions can yet be drawn. 

Fig. 8 shows for example the vertical distribution of the 

ozone concentration. This profile is in rather good agreement with some 

observations : the maximum value is located at 23 km with * 

corresponding value of 4.5 x 1 0 c m V The calculated ozone column is 

of the order of 345 Dobson units which corresponds to the value observed 

at 45° degrees latitude by Krueger an Minzner (1976). This number is 

very sensitive to the chemistry used, even if the shape of the profile 

remains almost the same when current changes are introduced in Uit 

values of the rate constants. For example, the ozone column is i 

function of the tropospheric production of and consequently to the 

calculated concentrations of NO, HO^, and CH^O^ which are poorly known 

below 15 km. For these reasons, a detailed tropospheric 2-D model is 

under elaboration at the Aeronomy Institute. Furthermore, the shape ut 

the ozone profile around and below the tropopause is determined hy the 

value of the eddy diffusion profile and its gradient. 

Fig. 9 represents the distribution of between 0 and \2 km 

for different representations of the transport across the tropopause 

The corresponding (downward) fluxes at 12 km are the following 

- 6.3 x 1 0 1 0 cm" 2 s" 1 for the standard case labelled K, - 1.6 x 10 1 0 

cm 2 s ^ when K is divided uniformly by 3 and - 3.0 x 1 0 ^ cm 2 s 1 tor 

the Massie and Hunten profile of K. 

The intensity of the ozone destruction by chlorine compounds 

is directly related to the emission, transport and photodestruction of 

the chlorofluorocarbons. The most important of them, namely CCl^, 

C F 2 C 1 2 , CFCl^, CH^CCl^ are considered by the model as well as the 

natural CH^Cl. For the conditions corresponding to the present time, a 

fixed mixing ratio based on the observations is prescribed as lower 

boundary condition (see table 4). 
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Fig. 8.- Calculated vertical 1 distribution of. ozone 
when the chemistry of table 2.1 is adopted. 
Comparison with observations. 
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Fig. 9.- Effect of the K value on the ozone distribu-
tion in the vicinity of the tropopause. 
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TABLE 4 : Boundary conditions of the CFCs at the ground for the "present 

day" atmosphere. 

CH-Cl 8 x 10"
1 0 

3 

CC1. 1.5 x 10 

CFC1 3 1.6 x 10 

CF„C1„ 2.8 x 10 

- 1 0 

- 1 0 

- 1 0 

2 2 

CH 3CC1 3 6 x 10 
• 1 1 
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The mixing ratio of the total chlorine is thus equal to 2.6 

ppbv. Fig. 10 compares the distribution of the various chlorocarbons of 

stratospheric interest. Fig. 11, 12 and 13 compare the calculated 

profiles with some available observations taken in southern France. It 

can be seen immediately that the model predicts concentration values 

which are considerably higher than the observations (a factor of 3 or so 

in the upper levels). The reasons for these discrepancies which appear 

in all current models are yet unclear but several hypothesis can be 

done. For example, the intensity of the adopted vertical exchange 

coefficient can be overestimated. In fact, the results obtained when 

this coefficient is uniformly divided by 3 are in much better agreement 

with Llie observations. However, other problems will appear with other 

constituents, such as carbon monoxide around the tropopause and in the 

upper stratosphere (fig. 14). 

Another reason for the discrepancy between model and observa-

tions could be an overestimation in the solar absorption which takes 

place in the Schumann-Runge bands of molecular oxygen. This spectral 

range plays an important role in the photodestruction of halocarbons, 

especially in the middle and upper part of the stratosphere. If this 

reason was proved to be right, it could probably also explain the 

discrepancies occuring in the case of nitric acid. However the 

determination of the Schumann-Runge bands absorption has been done 

carefully by Nicolet and Peetermans (1980) and Frederick and Hudson 

(1979). Both analysis done separately lead to more or less the same 

absorption values. Further work is needed because of the potential 

errors both in the fine structure of the Schumann-Runge bands and in the 

model representation of the absorption. Finally, it should be noted that 

most calculations related to the present day atmosphere do not consider 

the fact that the presently observed distribution of CFCs has not 

reached any steady state and these profiles are instantaneous pictures 

of an evoluting process related to the source strength (and its 

evolution) at ground level. 



Mixing ratio of several halocarbons as a 

function of the altitude. Present day condi-

tions. 
-o 
o 
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Fig. 11.- Comparison between observed and calculated 

mixing ratio of CH^Cl. Effect of different 

exchange coefficients. 
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Fig. 12.- Same as fig. 3.4 but for CF^Cl 



Fig. 13.- Same as fig. 3.4 but for CFCl^. ^ 
u> 
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14. - Vertical distribution of the CO mixing ratio 
calculated for three exchange coefficients. 
Comparison with the observation. 
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The atmospheric concentrations of CIO is of great importance 

since the loss rate of ozone is directly related to its value. The 

comparison between observation and theory is not straightforward since 

the measurements show a large scatter which is not yet explained. Fig. 

15 shows that the general shape of the distribution is rather well 

represented by the model below 30-35 km but that it is not the case 

anymore in the upper stratosphere (above 35-40 km) where the calculated 

mixing ratio gradient becomes negative, contrary to most observations. 

In fact, the calculated profile falls toward the high end of the 

observation between 25 and 35 km (if the two abnormal measured profiles 

are excluded) and toward the low value at 40 km. The discrepancy of the 

CIO distribution is one of the main problems whic will have to be solved 

in order to give some credibility to the predictions in relatjion to the 

CFCs perturbations. At the present time, the models seem to under-

estimate the amount of chlore in the upper stratosphere. Fig. 15 also 

shows the sensitivity of CIO to the K profile. The enhancement of the 

CIO mixing ratio when K is divided by 3 is due to the reduction of the 

methane concentration and therefore to the slow down of the conversion 

of CI into HC1. 

The comparison of theoretical and observed values has changed 

quite substantially in the recent months. The recent appearance of new 

values of the destruction rate of OH by H N 0
3
, H0

2
N0

2
 and H ^ , leading 

to a smaller amount of OH and consequently to a smaller CIO concentra-

tion, which is closer to the average observation below 30 km. However, 

the results have become really unsatisfactory in the upper stratosphere. 

The calculated distribution of CH^ is shown in fig. 16 and is 

compared to observations performed at 32°N (Palestine, Texas) and 44°N 

(Aire sur l'Adour, France). Due to the rather large scatter in the 

observations, it is not clear what eddy diffusion coefficient is the 

most convenient. For instance, the profile of Massie and Hunten 

represents well the observation by Ackerman et al (1978). However, even 

when a high value of K is adopted, the calculated concentrations are 
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much lower than the values observed by rockets around the stratopause. 

This problem also remains open. 

When nitrous oxide is considered, in particular the mixing 

ratio measured at mid-latitude (see fig. 17), it is also difficult to 

give a preference to one of the exchange coefficient profiles. In fact, 

for all these long-lived trace species, continuous observations are 

needed, at different latitudes and in relation with the general 

circulation. 

The distribution of most stratospheric compounds is directly 

related to the behavior of fast reacting odd hydrogen compounds, namely 

H, OH, H 0
2
,
 I n o r d e r t o

 compute an exact value of the concentra-

tion of these species, the balance between the production and the 

destruction has to be established. The production rate is proportional 

to the concentration of O ^ D ) which is produced by ozone photo-

dissociation and to the concentration of H_0, CH, and The 
2. h 2 

distribution of water vapor is highly dependent on the location and the 

dynamical conditions of the atmosphere and it is quite difficult to 

prescribe an average distribution. The absolute value of the H
2
0 mixing 

ratio at the stratopause is particularly poorly known due to the lack of 

observations. The loss rate of odd hydrogen in the middle and upper 

stratosphere is due essentially to the recombination of OH with H 0
2
. 

However, in the lower stratosphere and in the troposphere, one has to 

consider the reaction of OH with H N 0
3
, H0

2
N0

2
 and H ^ . 

The rate constants of these reactions are not well known even 

if the knowledge of the quantitative values referring to these rate 

constants have been improved very recently. Three cases have been 

considered for the computations : 
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Case 1 

OH + H0
2 

OH + HN0
3 

OH + H0
2
N0 

3

17 

ii x 

b

27 
= 9 X 

b

30 
= 5 X 

-11 3 - 1 
cm s 

-14 3 _ 1 
i cm s 

-13 3 - 1 
cm s 

Case 2 

OH + H0
2 

OH + HN0
3 

OH + H0
2
N0

2 

Case 3 

OH + H0
2 

OH + HN0
3 

OH + H0
2
N0

2 

Case 3 refers to the recent recommendation of NASA which is presently 

widely accepted. Case 1 considers a slow destruction rate of HO^ and is 

thus representative of the 1979 chemistry. Finally case 2 uses a fast 

recombination of H0
x
 and leads thus to low values of the odd hydrogen 

concentrations. The sensitivity of the OH concentration to these changes 

is described in fig. 18. 

Finally, fig. 19 to 21 represent the calculated mixing ratio 

of NO, N0
2
 and HNO^ as well as some observations. The agreement is 

rather good for NO even if a more careful model description is needed 

below 25 km and own in the troposphere. The calculation for N0
2
 leads to 

acceptable values below 40 km but to relatively small values in the 

upper stratosphere. In this region most of the NO is converted into N0
2 

during the night and a detailed diurnal study would be useful. Again the 

disagreement between the several observations makes the analysis rather 

complicated. Finally, one can see in fig. 21 that the agreement between 

_ . , .„-10 3 -1 
a ^ = 1.5 x 10 c m s 

b = 1.5 x 10'
1 4

 exp (649/T) cm
3
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Fig. 18.- Vertical distribution of the OH concentration 
for three different chemical schemes. 
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Fig. 19.- Comparison of observed and calculated NO 

mixing ratio as a function of altitude. ^ 
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observed and calculated HN03 is poor above 25 km. There is a need for a 
stronger destruction mechanism or a weaker production process in the 
upper stratosphere. In the vicinity of the tropopause, the concentration 
of nitric acid depends very much on the intensity of the wash-out 
mechanisms and of the downward transport. The problem remains open. 
Below 30 km, the ratio between the HN03 and NC>2 concentration (fig. 22) 
is well represented and there has been a great improvement with the 
introduction of the recent values of the rate constants. 

The main conclusion is that 1-D models give a general picture 
of the chemical processes occuring in the stratosphere and provide 
concentration with an ordei of magnitude which is compatible with most 
observations. However, severe disagreements remain and these appear 
essentially in the upper stratosphere, i.e. in a chemically controlled 
region. Last year, the upper stratosphere was believed to be almost 
explained with the current chemistry while the description of the lower 
stratosphere was much poorer. With the updated reaction rates, the 
representation of the concentration values in the lower layers has been 
considerably improved but discrepancies appear above 35 km in the 
chemically active region. Further investigation is needed with a special 
emphasis on the variability near the stratopause and the interactions 
between the stratosphere and upper regions such as the mesosphere and 
the thermosphe re. At the present time, the most important problems which 
have to be solved are the following : 

1. The discrepancy of the CFCs in the middle and upper stratosphere 
2. The probable theoretical underestimation of the chlorine amount in 

the present atmosphere. Observations of HC1 and CIO seem to 
indicate a 3 ppbv mixing ratio of C1X at the stratopause. An under-
estimation of the chlorine release (natural or man-made) could 
explain this discrepancy. 

3. The differences between the calculated and observed CIO profiles. 
4. The large theoretical overestimation of nitric acid above 30 km and 

the discrepancy between observed and calculated N0^ in the upper 
stratosphere. 
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5. An exact determination of OH and HC>
2
 in the entire stratosphere 

(and mesosphere). 

6. The water vapor behavior as a function of altitude, latitude and 

season. 

7. The exact balance between production, destruction and transport of 

ozone in the lower stratosphere and in the troposphere. 

4. EFFECT OF MAN-MADE PERTURBATIONS ON THE OZONE LAYER 

Different chemical compounds which are produced by anthro-

pogenic activities are released in the atmosphere and can be destroyed 

by several reactions to produce active radicals X which destroy ozone 

through the catalytic cycle : 

x + o 3 • XO + o 2 

XO + 0(
3

P) • X + o
2 

net 0
3
 + 0(

3

P) • 20
2 

For example, the release at ground level of chlorofluoromethanes, which 

have a large lifetime in the troposphere, leads to the formation of 

chlorine atoms (X = CI) in the stratosphere. On the other hand, nitric 

oxide (X = NO) can be directly introduced by aircraft engines. In this 

case the source is located at the flight altitude in the upper tropo-

sphere or in the lower stratosphere. Most subsonic aircrafts enter the 

stratosphere only at relatively high latitude. Supersonic aircrafts such 

as Concorde fly around 15-17 km. A few military airplanes can fly higher 

in the stratosphere. Finally, one has to consider the wide use of 

fertilizers which increase the production of nitrous oxide at ground 

level. N~0 reacts with 0(*D) atoms to produce NO molecules. 
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1. Potential changes in the ozone amount due to chlorofluorocarbon 

emissions 

The sensitivity of the ozone layer to the chlorofluorocarbons 

is a critical function of the chemical scheme which is adopted and 

depends in particular on the rate constants describing the most 

important aeronomical reactions. The numbers for the ozone depletion, 

obtained by the models in the recent years, have changed quite a lot 

while new data became available from laboratory work. For example, 

adopting the 1976 release rate of CFCs as a permanent emission rate, it 

was felt two years ago that the steady state ozone depletion was of the 

order of 16 percent. At the present time, a 4 to 7 percent ozone 

leducliuii is currently accepted tor the same emission strength. 

In the present calculation, it is assumed that CH 3C1, which is 

presently the most abundant chlorine species in the troposphere, is of 

natural origin and a constant mixing ratio of 0.8 ppbv is prescribed as 

lower boundary condition at ground level. The contribution of anthro-

pogenic odd chlorine is provided by the presence of CFC1 3, C F 2 C 1 2 , CCl^ 

and CH^CCl^. The atmospheric release (expressed in Tons/years) 

corresponding to an uniform vertical flux around the Earth (expressed in 
- 2 - 1 

cm s ) is given by the following numbers 

Species Total Emission Flux 

- 2 - 1 
(Tons/yr) (cm s ) 

CC1 4 1.0 x 10 5 2.46 x 10 6 

CKC1 3 3.4 x 10 5 9.27 x 10 6 

CF 2C1 2 4.1 x JO 5 1.27 x 10 7 

CH 3CC1 3 3.6 x 10 5 1.00 x 10 7 

When present-day conditions are simulated, an observed mixing ratio is 

prescribed at the ground, namely 

CC1 4 1.5 x 10" 1 0 

CFC1 3 1.6 x 10" 1 0 

CF 2C1 2 2.8 x 10~ 1 0 

CH 3CC1 3 ^ 6.0 x lO" 1 1 
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Fig. 23 shows the mixing ratio and fig. 24 the vertical flux 
of the five most important halocarbons corresponding to the perturbed 
conditions (steady state values). Except for methylchloride which is 
destroyed by hydroxyl radicals in the troposphere, the flux of the 
verious halocarbons is almost constant up to 15 km since the destruction 
of these molecules appears only in the stratosphere. The most abundant 
man-made halocarbon when steady state is reached, appears to be CF2C12-
It can also be seen that the amount of CCl^ is quite unchanged from 
present day conditions. 

The production of odd chlorine is depicted in fig. 25 for 
three different cases : natural atmosphere (only the CH^Cl effect); 
present day atmosphere and perturbed atmosphere (steady state). The 
modification of the distributions, due to the industrial activity, 
appears essentially above 15 km, where the photodissociation happens. 
The maximum artificial production takes place around 25-30 km. In this 
region the value of the production is increased by a factor of 6 from 
natural to perturbed (steady state) conditions and of about 5 from 
present time to steady state. Fig. 26 shows the individual contribution 
of each important chlorocarbon to the production of total odd chlorine 
in the perturbed case. Finally, the vertical distribution of C1X and CIO 
for the three different conditions is represented in fig. 27. The 
relative density of chlorine atoms (mainly in the form of HC1) is 
respectively equal to 7.1 x 10 2.4 x 10 ^ and 1.1 x 10 ® when the 
standard K profile is used. 

The effect of a man-made production of odd chlorine on the 
ozonosphere appears through an increase in the loss rate of and 
consequently a decrease of the ozone concentration. However this effect 
is counterbalanced by the enhancement of the UV penetration at lower 
level and consequently by an increase in the production rate. This 
feedback mechanism introduces non linearities and the value of the new 
equilibrium can only be obtained by a detailed calculation. Fig. 28 
represents the relative variation of the ozone concentration between 
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Fig. 23.- Mixing ratio of the most important halo-
carbons in relation with the ozone problem. 
Vertical distributions obtained in the steady 
state for perturbed conditions. 
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Fig. 24.- Same as 3.15 but vertical flux. The decrease 

appearing for CH^Cl and CH^CCl^ is due to the 

tropospheric destruction by the hydroxyl 

radical. 
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Fig. 25.- Vertical distribution of the odd chlorine 
production rate for three different cases : 
Natural atmosphere; present day atmosphere 
and perturbed conditions (steady state 
values). 
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Fig. 26.- Effect of the different halocarbons in the odd chlorine production 
rate. Perturbed case (steady state values). ON u> 



Fig. 27.- Vertical distribution of the C1X and CIO mixing ratio. Calcula-
tions performed in the three different cases : natural atmosphere, 
present day atmosphere, perturbed atmosphere (steady state 
values). ON 



Fig. 28.- Vertical distribution of the relative ozone depletion due to a 

"standard" injection of chiorofluorocarbons (see text for emission 

rates). Steady state values. 
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perturbed conditions (steady state) and purely natural conditions. The 
maximum reduction appears around 40 km. 

In the upper stratosphere, the ozone reduction is due 
essentially to the direct cycle 

CIO + o 2 

CIO + 0 • CI + o 2 

net 0 + 0 3 • 202 

But, below 30 km, there is a displacement o± CI and ClO toward other 
chlorinated species such as H0C1 and C10N02, with a corresponding lower 
efficiency of the direct catalytical cycle. However, species such as 
H0C1 and ClONO^ can induce supplementary cycles of ozone destruction, 
namely 

CI + o 3 • CIO + o 2 

CIO + H02 H0C1 + 0 2 

H0C1 + hv -»• CI + OH 
OH + 0 3 -»• H02 + 0 2 

net 203 -> 302 

or 

CIO + N0 2 -» C10N02 

C10N02 + hv CI + N03 

CI + °3 CIO + 0 2 

NO 3 + hv NO + 0 2 

NO + °3 N0 2 + 0 2 

202 302 
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These cycles show the importance of the coupling between the different 
chemical families. Therefore, it is clear that the ozone reduction by 
C1X, especially in the lower stratosphere, depends on the behavior and 
concentration of species such as NO, OH, HO^,... 

The following table summarizes our model results which have 
been discussed when the effect of the diurnal variation is not included 
in the program (early model calculations) and for the "standard K". 

Total ozone variation-A03/03 - 4.9% 
Ozone variation at 40 km - 51% 

20 km 7.84% 
Increase of C1X at the stratopause ACl^ (ppbv) 9.76 

When the effect of the diurnal variation is introduced, the total ozone 
reduction is enhanced from 5 to 6 percent. 

The sensitivity of the ozone depletion to the eddy diffusion 
profile has also been considered. All previous calculations in this 
section refer to the so-called "standard exchange coefficient". Similar 
model runs have been made with a K profile uniformly divided by 3 and 
with the distribution recently suggested by Massie and Hunten (1981). 
The following table gives the corresponding results 

Variation in the K(stand) K/2 K/3 K(Massie) 
ozone column A03/03 (%) - 6.1 - 7.3 - 9.1 - 10.3 

Ozone variation (%) at 
40 km - 53.3 - 72.9 - 81.7 - 76.6 
20 km + 8.5 + 17.5 + 20.7 + 19.0 
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Total chlorine at 

50 km nat. 

(ppbv) perturb. 

0.71 

10.49 

0.62 

15.94 

0.55 

20.30 

0.71 

21.77 

Increase of the C1X 

mixing ratio at the 

stratopause 

AC1
X
 (ppbv) 

A 0
3
/ 0

3
 (%)/AClX (ppbv) 

A 0
3
/ 0

3
 at 40 km/ACIX (ppbv) 

9.78 

- 0 . 6 2 

- 5.45 

15.32 

- 0.48 

- 4.76 

19.75 

- 0.46 

- 4.13 

21.06 

- 0.49 

- 3.64 

Total chlorine at ground 

level (perturb.) (ppbv) 

10.9 17.3 22.5 22.5 

4.2. Potential changes due to other perturbations 

Nitrous oxide is the principal source of nitric oxide. Its 

production at ground level will be enhanced if the use of fertilizers 

becomes more and more intensive. In order to analyze the possible effect 

of such a continuous emission of in the atmosphere, a conventional 

perturbation is applied in the mathematical model : the concentration of 

is uniformly doubled and the impact of such a modification is 

estimated. In fact, the model shows a decrease of the ozone amount 

particularly between 20 and 40 km. Simultaneous perturbations can also 

be simulated, namely a doubling of and a CFC standard release. The 

results, which are obtained, are given in the following table (no 

diurnal variation effect) : 

ACL (%) 

2 x N
2
0 

- 10.7 

CFC 2 x N
2
0 + CFC 

- 4.9 - 12.4 

This table shows the non linear response of the two simultaneous 

perturbations. In fact, if one of the two effects is clearly dominant, 
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the second perturbations does not modify considerably the total ozone 
depletion. 

The impact of aircraft operations has also been studied. 
Different flying altitudes have been considered with two specific N0x 

injection rates. The results are given in the following table 

Injection NO Ozone x 
altitude injection rate variation 

(km) (cm"2 s"1) (%) 

13 2 x 108 0.7 
17 1 x 108 - 1.8 , 

2 x 108 - 2.7 
20 1 x 108 - 3.6 

2 x 108 - 6.4 

8 - 2 — 1 
The injection of 1 x 10 cm s represents about 300 Concorde flying 
each day and corresponds to more or less the value of the natural 
production of NO^ in the stratosphere. 
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