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ABSTRACT 

Ozone is produced from the photodissociation of molecular oxygen by ultra
violet radiation (A < 242.4 nm). It is destroyed by direct recombination 
with oxygen atoms. This recombination can be catalyzed by hydroxyl 
radicals, nitrogen and chlorine oxides. In other words, the ozone layer 
can be altered by species produced either by natural processes in the 
biosphere or by human activity in relation with agriculture or industry. 
As an example, man-made chlorofluorocarbons should reduce the ozone amount 
by a few percent if the present release into the atmosphere continues. On 
the other hand, an increase of carbon dioxide should cool the upper strato
sphere and consequently increase the ozone concentration. This chapter 
presents results from an interactive chemical/radiative/dynamic one
dimensional model with several coupled perturbation scenarios. 

INTRODUCTION 

Although its relative amount is only of the order of 5 x 10-7 , ozone is of 
great importance in the atmosphere. This gas, which is photochemically 
produced, is indeed a strong absorber of ultraviolet radiation with wave
lengths shorter than 310 nm. It therefore protects the earth's surface 
from a series of potentially harmful biological effects of solar UV radia
tion. Moreover, ozone, which is confined essentially to the stratosphere, 
is responsible for the heating of the middle atmosphere and in particular 
for the temperature maximum at 50 km altitude. Ozone therefore is not only 
a protection for life on earth, but it is also linked to the dynamic state 
of the atmosphere and finally to the terrestrial climate. 

As indicated by Fig. 1 which shows an average vertical distribution of 
ozone below 100 km, the maximum 03 concentration is located at an altitude 
of 20 to 25 km with a corresponding value of about 4 x 1012 cm-3• In the 
troposphere the ozone concentration is less than 1012 cm-3 and at the 
stratopause it is of the order of 5 x 1010 cm-3. The integrated concentra
tion, also called the ozone column, is equal to about 9 x 1018 cm-2, corre
sponding to a layer at STP conditions of 0.35 "t 0.05 cm. In fact, 
continuous observations show that the ozone column is rather constant in 
the equatorial regions (about 0.29 cm), but exhibits a great deal of 
diurnal and seasonal variability at higher latitudes. An ozone maximum 
(> 0.4 cm) occurs in the polar reg ion at the end of the winter, suggesting 
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a strong control of the ozone layer by dynamics (general circulation and 
waves). Figure 2 shows a time-latitude variation of total ozone resulting 
from the analysis of numerous observations made from ground level instru
ments. 
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Fig. 1. Calculated vertical distribution of the ozone concentration 
between 0 and 100 km altitude. 

The stability of the ozone layer has been a subject of great concern in the 
last 15 years since the destruction of the 03 molecule is catalyzed by 
several radicals which are produced in fairly large amounts as a result of 
hUman activity. For example, nitrogen oxides can be injected in the atmo
sphere directly from aircraft engines or produced from the N20 molecules 
which are released when nitrogen fertilizers are used in agricultural 
practices. These NO and N02 molecules are involved in the catalytic 
destruction of ozone (Crutzen 1970) and introduce a possible effect of 
aircraft emissions (Johnston 1971: Crutzen 1972) or nitrogen fertilizers 
(McElroy et al. 1976) on the ozone layer. Moreover, ozone can be depleted 
by halogen compounds such as chlorine oxides (stolarski and Cicerone 1974) 
which are produced from the man-made chlorofluorocarbons (Molina and 
Rowland 1974a,b). 
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Fig. 2. Seasonal variation of the ozone column (expressed in Dobson units) 
as a function of latitude (London et a1. 1976). 

The estimation of the possible ozone depletion and the related increase in 
the UV penetration due to agricultural, industrial and domestic activity is 
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usually based on theoretical models. These models take into account the 
most important chemical and photochemical reactions and are usually coupled 
with a radiative transfer code. The transport of the long-lived species 
and of heat has to be somewhat parameterized since a full three-dimensional 
calculation of the mean circulation and the waves requires prohibitive 
computer resources for most applications. Two-dimensional models assume a 
zonal symmetry and they parameterize the meridional transport either by the 
eulerian mean circulation and by eddy diffusion processes (Rao-Vupputuri 
1973, 1979: Harwood and Pyle 1975: Crutzen 1975: Brasseur 1978: Miller et 
al. 1981) or by eulerian residual meridional wind components (Dunkerton 
1978: Pyle and Rcgers 1980: Garcia and Solomon 1983: Ka Kit Tu~ 1983). 

One-dimensional models assume complete horizontal mixing and derive the 
globally averaged vertical distributions of the species concentrations and 
in some cases the temperature. The vertical exchanges are parameterized by 
a phenomenological eddy diffusion coefficient (K). Although these models 
are highly simplified from the dynamic point of view, they usually contain 
a rather detailed chemical and photochemical scheme and they are appro
priate to study the direct couplings between chemistry, radiation and 
temperature. These models are coromonly used to estimate the global impact 
of several types of chemical perturbations (Logan et al. 1978: Wuebbles et 
al. 1983: Nicoli and Visconti 1983). 

OZONE PROTOCHEMISTRY IN A PURE OX YGEN ATMOSPHERE 

A simple theory of ozone photochemistry has been given by Chapman, consid
eri~ a pure oxygen atmosphere in which the following reactions take place: 

(J2): ~ + hv (A < 242.4 nm) --> 0 + 0 

(kl): 0 + 0 + M --> 02 + M 

(k2): 0 + ~ + M --> 0) + M 

(k3): 0 + 03 --> ~ + 02 

(J3): 0) + hv (A < 1180 nm) --> ~ + 0 

The recombination of atomic oxygen by reaction (kl) can, however, be 
neglected below the mesopause (85 km) so that, in the stratosphere and in 
the mesosphere, the kinetic equation which can be derived for odd oxygen 
(Ox = 0) + 0) is given by 

dn(Ox) 

dt 
(1) 

if n(X) represents the concentration of species X (see Nicolet 1971 or 
Brasseur 1982). The ratio between the atomic oxygen and the ozone concen
trations can be derived from the photoequilibrium equation 

n(O) 
(2 ) 
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The lifetime of odd oxygen, which is given by 

0.275 n(Ox) 

J2 n(02) 
(3 ) 

is of the order of 1 hour at the stratopause (50 km) but increases 
gradually with decreasing altitude to reach more than 5 years below 20 km. 
Since the dynamic time constant is of the order of 2 years in the strato
sphere, ozone is controlled by dynamics only (general circulation and 
waves) below say 25 km and by photochemistry only above 30 km or so. In 
the intermediate layer both chemistry and transport have to be considered 
to explain the behavior of ozone. It should be noted that in the tropo
sphere (z < 12 km) the chemistry again becomes more active with regard to 
03 and could even play the major role at low altitude. 

When photochemical equilibrium conditions apply, the ozone concentration in 
a pure oxygen atmosphere is given by 

(4 ) 

The value of the rate constants k 1, k 2 and k 3 are given in Table 1 and the 
averaged physical parameters which enter into the calculation of 03 are 
specified in Table 2. The exact determination of the photodissociation 
frequencies of 02 and 03 is not straightforward since it requires a 
detailed knowledge of the solar irradiance spectrum (see Brasseur and Simon 
1981) and of the absorption cross section of 02 and 03 [see Nicolet (1981) 
or Simon and Brasseur (1983) for a discussion). In particular, one has to 
determine quantitatively the penetration of the solar radiation taking into 
account absorption and scattering processes. Indeed the solar irradiance q, 
at level z for a zenith angle of the sun X and at wavelength r.. is given by 

q,(r..:z,xl = ~oc(r..l exp - [Ta(r..:z,xl + Ts(r..:z,Xl] + 

f~Tr L( r..:z ,Ul) dUl (5 l 

if q,oc( r.. l is the solar irradiance at the top of the atmosphere, L (r..;Z,ul) the 
radiance in direction ul due to the mUltiple scattering of the light, 
Ta(r..:Z,X) the optical depth due to the absorption, essentially by 02 and 
03: 

(6) 

where 0 is the absorption cross section and N the vertically integrated 
concentration of the absorber (02 and 03, respectively) above altitude z. 
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The optical depth due to the Rayleigh scattering is given by 

LS = oR n(M) 

where n(M) is the atmosphere concentration, 

8IT3 (iJ2 - 1) 
oR = - D sec X 

3 ,,4n2(M) 
(7) 

the corresponding cross section, iJ the air refractive index, D;: 1.06 the 
depolarization factor and X the solar zenith angle. Moreover, the amplifi
cation factor of the solar irradiance at ground level due to scattering and 
the earth's albedo in the 310-400 nm range, that is the factor by which the 
direct solar flux has to be multiplied to account for a given surface 
albedo and the multiple scattering processes, is shown in Fig. 3 (Nicolet 
et al. 1983). The photodissociation coefficient of a species X is then 
derived from 

(8) 

if q = ¢>/hv is the photon flux and hv the photon energy at frequency v. A 
variation in the ozone column N(03;z) consequently modifies the solar 
irradiance value in the atmosphere and at ground level and changes the 
photodissociation rates of the molecules which absorb in the same spectral 
range as 03. The thermal structure of the atmosphere is also modified. 

The Chapman scheme, which has been described previously, does not 
explicitly consider the electronic state of the oxygen atoms which are 
produced. When the wavelength of the incident radiation is shorter than 
310 nm, the photodissociation of ozone leads to excited atomic oxygen 
O(lD). The atoms are rapidly quenched by the major gases N2 and 02. 
However a small fraction of them react with several trace species and 
initiate several reaction chains which will be discussed hereafter. 
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Table la. Reaction rates adopted in the model. 

Reactions 

° + ° + M -) 02 + M 

° + 02 + M -) 03 + M 

0+ 03 -) 202 

0(10) + N2 --) 0(3p) + N2 

0(10) + 02 --) 0(3p) + 02 

H + 02 + M --) H02 + M 

H + 03 --) 02 + OH(v 9) 

OH + ° --) H + 02 

OH + 03 -) H02 + 02 

H02 + 03 --) OH + 202 

H02 + ° --) 02 + CE(v 6) 

OH + OH -) H20 + ° 
OH + H02 --) H20 + 02 

OH + H2 --) H2 + H 

H + H02 -) 20H 

H + H02 --) H2 + 02 

H + H02 --) H20 + ° 
H2 + ° -) OH + H 

H02 + NO -) f',1()2 + OH 

H02 + H02 -) H202 + 02 

OH + H202 --) H20 + H02 

00 + co - > c02 + H 

0(10) + H20 -) 20H 

0(10) + CH4 --) CH3 + OH 

0(10) + H2 --> OH + H 

Rate constants (cm3 s-l) 

kl = 4.7 x 10-33 (300/T)2 n(M) 

k2 = 6.0 x 10-34 (300/T)2.3 n(M) 

k3 = 1.S x 10-11 e-2218/T 

k4 = 1.8 x 10-11 e107/T 

kS = 3.2 x 10-11 e67/T 

al = S.S x 10-32(T/300)-1.4 n(M) 

a2 = 1.4 x 10-10 e-470/T 

as = 2.2 x 10-11 el17/T 

a6 = 1.6 x 10-12 e-940/T 

a6b = 1.4 x 10-14 e-S80/T 

a7 = 3.0 x 10-11 e200/T 

a16 = 4.2 x 10-11 e-242/T 

a17 = 1.6 x 10-11 e436/T 

a19 = 6.1 x 10-12 e-2030/T 

a23a= 4.2 x 10-10 e-9SO/ T 

a23b= 4.2 x 10-11 e-3SO/T 

a23c= 8.3 x 10-11 e-SOO/ T 

a24 = 8.8 x 10-12 e-4200/T 

a26 = b29 = 3.7 x 10-12 e240/ T 

a27 = 2.4 x 10-13 eS60/T 

a30 = 3.1 x 10-12 e-187/T 

a36 = 1.35 x 10-13 (1 + Patm) 

at = 2.2 x 10-10 

a2 = 1.4 x 10-10 

a3 = 1.0 x 10-10 



Table 1a (cont.) 

Reactions 

0(3p) + N02 --) NO + ~ 
0] + NO --) N~ + ~ 
N(4S) + NO --) N2 + ° 
N(4S) + ~ --) NO + ° 
N02 + 03 --) NO] + ~ 
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Rate constants (em3 s-l) 

b3 = 9.3 x 10-12 

b4 = 2.2 x 10-12 e-1430/T 

b6 = 3.4 x 10-11 

b7 = 4.4 x 10-12 e-3220/T 
bg = 1.2 x 10-13 e-24SO/T 

N03 + ~ + M --) N20s + M b121 
N~ + rn + M --) ANO] + M . b22 see Table 1b 

H~ + ~ + M --) H~N~ + M b23 

AN03 + OH --) H20 N03 b27 = 9.4 x 10-lS e778/T 

H02N~ + OH --) H2O+N0z!02 b28 = 20 x 10-12(l-0.ge-O.oS87PTorr) 

N20s + M --) NO] + ~ + M 

N20 + 0(10) --) N2 + ~ 
N20 + 0(10) --) 2NO 

CH4 + OH --) CH3 + H20 

CH3 + ~ + M --) CH3~ + M 

CH3~ + NO --) CH30 + N02 

b32 = 2.2 x 10 x 10-S e-9700/T 

b38 = 4.9 x 10-11 

b39 = 6.7 x 10-11 
I 

c2 = 2.4 x 10-12 e-1710/T 

c4 : see Table 1b 

Cs = 4.2 x 10-12 e180/T 

CH3~ + H02 --) CH300H + ~ c7 = 7.7 x 10-14 e1300/T 

CH3~ + CH3~ --) 2CH30 + ~ c14 = 1.6 x 10-13 e220/T 

CH300H + OH --) CH3~ + H20 c17 = 2.6 x 10-12 e-190/T 

C2H2 + C1 --) products c20 = 1.0 x 10-12 

C2H2 + OH --) products c21 = 6.S x 10-12 e-6SO/T 
C2H6 + C1 --) products 

C2H6 + OH --) products 

C3H8 + C1 --) products 

C3H8 + OH --) products 

CH3HN + OH --) products 

C22 = 7.7 x 10-11 e-90/T 

c23 = 1.9 x 10-11 e-1260/T 
c24 = 1.4 x 10-10 e40/T 
c2S = 1.6 x 10-11 e-800/T 
c29 = S.86 x 10-13 e-750/T 



Table la (conL) 

Reactions 

CH3 + OH --> CH2C1 + H20 

Cl + 03 --> CI0 + 02 

CI0 + NO --> Cl + D2 

CI0 + NO --> Cl + N02 

Cl + CH4 --> HCl + CH3 

Cl + H2 --> HCl + H 

Cl + H02 -->HCl + 02 

Cl + H2D2 --> HCl + HD2 

Cl + CH20 --> HCl + CHO 

HCl + OH --> Cl + H20 

HCl + O( 3p) --> Cl + OH 

9 

Rate constants (cm3 s-l) 

dl = 1.B x 10-12 e-1112/T 

d2 = 2.B x 10-11 e-257/T 

d3 = 7.7 x 10-11 e-13O/T 

d4 = 6.2 x 10-12 e294/T 

d5 = 9.6 x 10-12 e-135O/T 

d6 = 3.7 x 10-11 e-23OO/T 

d7 = 1.B x 10-11 e17O/T 

dB = 1.1 x 10-11 e-9BO/T 

dl0 = B.2 x 10-11 e-34/T 

dll = 2.B x 10-12 e-425/T 

d12 = 1.0 x 10-11 e-3340/T 

CI0 + ND2 + M --> CION02 + M d22 = d31 : see Table Ib 

CIOND2 + 0 --> CI0 + N03 d32 = 3.0 x 10-12 e-BOB/T 

CI0 + HD2 --> HOCI + 02 d33 = d35 = 4.6 x 10-13 e710/T 

CH3CC13+OH --> CH2CC13 + H20 d50 = 5.4 x 10-12 e-1B20/T 
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Table lb. Three-body reactions. The rate constants of these reactions are 
expressed as follows: 

with 

ko n(M) 2 
------ x 0.6 [l + 1cx:no 
1 + n(M) ko/ka; 

ko = k600 (T/300)-n em6 s-l 

kcr = k600(T/300)~ em3 s-l 

Name of the 
Reactions constant 

N02 + CJl M -) RN03 + M 

CH3 + D2 + M --) CH302 + M 

CI0 + N02 + M --) CION02 + M d22 = d31 

(n(M )ko/ka;)]-l 

Values of the 
parameters 

k600 = 2.2 x 10-30 

n = 2.8 

kJOO = 1.0 x 10-12 

m=O 

k600 = 2.6 x 10-30 

n = 2.9 

kJOO = 2.4 x 10-11 

m = 1.3 

k600 = 2.3 x 10-31 

n = 4.6 

kJOO = 4.2 x 10-12 

m = 0 

k600 = 1.8 x 10-31 

n = 2.2 

~oo = 2.0 x 10-12 

m = 1.7 

k300 = 1.8 x 10-31 

n = 3.4 

kJOO = 1.5 x 10-11 

m = 1.9 
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Table lc. Photochemical reactions considered in the model. 

02 + hv --) 20(3p) 

02 + hv --) 0(3p) + 0(10) 

03 + hv --) 02 + 0(3p) 

03 + hv --) 02 1~ + 0(10) 

NO + hv --) NO + 0(3p ) 

N02 + hv ~-) NO + 0(3p) 

N03 + hv --) NO + 02 

N03 + hv --) N02 + ° 
N20 + hv --) N2 + 0(10) 

N20S + hv -) N02 + N03 

flN03 + hv --) N02 + aI 

ffN04 + hv --) N02 + fl02 

CI0N02 + hv -) N02 + CIO 

CION02 + hv --) N03 + CI 

CIO + hv -) CI + 0(3p) 

flCI + hv --) fI + CI 

HOCI + hv --) CIO + fI 

HOCl + hv --) CI + aI 

H20 + hv --) H + aI 

H202 + hv --) 20H 

C02 + hv --) CO + ° 
CH4 + hv --) products 

CCl4 + hv --) products 

CFCl3 + hv --) products 

CF2Cl2 + hv --) products 

CH3Cl + hv --) products 

CH3CCl3 + hv --) products 
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Table 2. Temperature, pressure, atmospheric and molecular oxygen as a 
function of altitude between 0 and 120 km (US standard Atmosphere 1976 ). 

Molecular 
'Ibtal oxygen 

Altitude Temperature Pressure concentration concentration 
(km) (K) (rob) (cm-3) (cm-3) 

0 288 1013 2.55 x 1019 5.33 x 1018 

5 256 540 1.53 x 1019 3.20 x 1018 

10 223 265 8.60 x 1018 1.80 x 1018 

15 217 121 4.05 x 1018 8.47 x 1017 

20 217 55.3 1.85 x 1018 3.87 x 1017 

25 222 25.5 8.33 x 1017 1.74 x 1017 

30 227 12.0 3.83 x 1017 8.01 x 1016 

35 237 5.75 1.76 x 1017 3.68 x 1016 

40 250 2.87 8.31 x 1016 1.74 x 1016 

45 264 1.49 4.09 x 1016 8.55 x 1015 

50 271 7.98 x 10-1 2.14 x 1016 4.47 x 1015 

55 261 4.25 x 10-1 1.18 x 1016 2.47 x 1015 

60 247 2.20 x 10-1 6.44 x 1015 1.35 x 1015 

65 233 1.09 x 10-1 3.39 x 1015 7.09 x 1014 

70 220 5.22 x 10-2 1.72 x 1015 3.60 x 1014 

75 208 2.39 x 10-2 8.30 x 1014 1.73 x 1014 

80 199 1.05 x 10-2 3.84 x 1014 8.02 x 1013 

85 189 4.46 x 10-3 1.71 x 1014 3.57 x 1013 

90 187 1.84 x 10-3 7.12 x 1013 1.48 x 1013 

95 188 7.60 x 10-3 2.92 x 1013 5.83 x 1012 

100 195 3.20 x 10-4 1.19 x 1013 2.15 x 1012 

105 209 1.45 x 10-4 5.02 x 1012 7.65 x 1011 

110 240 7.10 x 10-5 2.14 x 1012 2.62 x lOll 

115 300 4.01 x 10-5 9.68 x 1011 9.65 x 1010 

120 360 2.54 x 10-5 5.11 x 1011 4.40 x 1010 
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Fig. 3. Amplification ratio of the solar radiation at ground level for 
wavelength between 310 and 400 nm and for different values of the surface 
albedo. The amplification ratio is defined by ql/qO where ql is the 
irradiance calculated including mUltiple scattering and albedo and qO is 
the irradiance of the direct solar radiation only. 
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OZONE AND TEMPERATURE 

Assuming again a pure oxygen atmosphere, a relation between the ozone 
concentration and the temperature can be deduced from expression (4) by 
considering the numerical values of k2 and k3 as a function of the tempera
ture, namely 

L'1n( D3) -1400 
= -- L'1T (9 ) 

n(D3) T2 

If the temperature at the stratopause (270 0 K) were increased by lOoK, the 
ozone concentration would be reduced by about 20 percent. This value 
however has to be considered as an upper limit since the introduction of a 
more detailed chemical scheme reduces the sensitivity of ozone to tempera
ture. Nevertheless, when considering the action of ozone-depleting agents, 
the temperature feedback should be introduced in the computation. since 
the heating rate is directly proportional to the amount of ozone (Fig. 4) 
expression (9) introduces a negative feedback mechanism which stabilizes 
ozone against several chemical agents. However, it introduces a relation 
between 03 and C02 amount. This latter <:las, which emits infrared radiation 
due to its 15 IJm band, is responsible for most of the cooling in the 
vicinity of the stratopause (Fig. 4). The observed enhancement in the 
carbon dioxide concentration should leap therefore to an increase in the 
amount of ozone. 
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Fig. 4. Vertical distribution of the heating and the cooling rates due to 
several atmospheric species (London 1980). 
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AGENTS OF OZONE DEPLETION 

The loss of odd oxygen (0 + 03), namely through the recombination of ozone 
and atomic oxygen (0 + 03 --> 2°2), can be catalyzed in the presence of 
hydroxyl radicals (OR), nitric oxide (NO) and chlorine oxide (ClO). 
Different cycles have to be considered with specific efficiencies depending 
on the altitude. In the mesosphere the main destruction of odd oxygen is 
due to the hydrogen species: 

OR + ° --> H + 02 
H + 02 + M - > H02 + M 

H02 + ° --> OR + 02 

net: ° + ° --> 02 

or 

OR + ° --> H + 02 
H + 03 -> OR + 02 

net: ° + 03 -> 202 

(Bates and Nicolet 1950: Nicolet 1971) while, in the stratosphere, the most 
efficient processes are 

NO + 0) -> N02 + 02 

N02 + ° --> NO + 02 

net: ° + 03 --> 202 

(Crutzen 1970: Johnston 1971: Nicolet 1971) or 

Cl + 03 --> CIO + 02 

CIO + ° -> Cl + 02 

net: 0+ 03 -> 202 

(Stolarski and Cicerone 1974). In the lower stratosphere, and particularly 
near the tropopause, other cycles involving odd hydrogen have to be 
considered (Nicolet 1975), for example: 



net: 

OH + 03 --) 802 + 02 

802 + 03 --) OH + 202 

203 --) 302 
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Supplementary reaction chains involving species such as N03, N20S, HOCI, 
CION02, etc. can also be introduced (see Brasseur '1982 for a comprehensive 
review of these cycles), showing the complexity of the ozone chemistry in 
the stratosphere. Furthermore, in the troposphere and in the lower strato
sphere, additional ozone resulting from the oxidation of methane in the 
presence of nitric oxide has to be considered. The reaction chain is 

CH4 + OH --) C83 + 820 

CH3 + 02 + M --) C8302 + M 

CH302 + NO --) CH30 + N02 

N02 + hv --) NO + ° 
° + 02 + M --) 03 + M 

C830 + 02 --) CH20 + H02 

H02 + NO --) N02 + OH 

N02 + hv --) NO + ° 
° + 02 + M --) 03 + M 

CH20 + hv --) CO + H2 

(Crutzen 1974: Nicolet 1975). The equilibrium concentration of ozone 
depends on the amount of catalytic agents which are present in the atmo
sphere. Above 30 km expression (4) can still be used if the k3 coefficient 
is replaced by an effective recombination rate 

(10 ) 

where A is a correction factor which is given to a first approximation by 

as n(OH) + b3 n(N02) + d3 n(CIO) 
A=-------------- (11 ) 

as, b3, and d3 being the rate constants of reaction 0+ OH, ° + N02 and ° + 
CI0 (Nicolet 1971). In the middle and lower stratosphere where the 
transport can no lorger be neglected, a general continuity equation must be 
used, namely 



6n(0]) 

6t 
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+ V"¥(03) = 2J2 n(02) + a26 n(H02) n(OO) + 

cS n(CH3D2) n(NO) -

[2k3 n(O) n(03) + as n(OH) n(O) + 

a6 n(OH) n(03) +a6b n(HD2) n(03) + 

a7 n(H02) n(O) + 2b3 n(ND2) n(O) + 

2d3 n(CIO) n(O») (12) 

assuming that n(Ox) ~ n(03) in this altitude range. The value of the 
individual rate constants is given in Table 1. 

As shown by these latter expressions, a detailed understanding of the ozone 
balance requires a study of the processes which are responsible for the 
formation and the destruction of the radicals which are involved (Cariolle 
1983) • 

This problem is not yet completely solved since, as indicated by Schmailzl 
and Crutzen (in this volume), some inconsistencies in the description of 
the ozone budget remain. 

The major mesospheric source of odd hydrogen (H, OH, H 02) is the photo
dissociation of water vapor while, in the stratosphere, the main production 
mechanism of HOx is the oxidation of water vapor, methane and molecular 
hydrogen by the excited oxygen atom 0(10). Consequently an increase in the 
methane amount as a function of time should lead to an ozone reduction in 
the mesosphere and upper stratosphere where OH is the main depleting agent 
of 03, and to an ozone increase in the troposphere where the reaction chain 
involving methane and nitric oxide (see previous description) plays a 
dominant role. 

Nitric oxide in the stratosphere is also produced by the O( 1 D) atoms which 
dissociate nitrous oxide as follows: 

N20 + 0(10) --> 2NO 

--) N2 + 02 

The N20 molecules are produced at ground level by bacterial processes 
associated with complex nitrification and denitrification mechanisms in 
soils. Since the industrial fixation of nitrogen can no longer be 
neglected in comparison to the corresponding natural processes, it is now 
believed that the future anthropogenic production of N20, especially 
through nitrogenous fertilizers, combustion and organic wastes, could 
perturb the ozonosphere. Direct production of odd nitrogen (N, NO, N02, 
N03, N20S, HN03, H02N02) from aircraft engine emissions should also be 
considered in the future ozone balance. 

Finally the atmospheric release of chlorofluorocarbons is responsible for 
an increase in the amount of odd chlorine (essentially Cl, CIO, HCl, 
CION02' HOCl) and consequently for a depletion in the stratospheric ozone 
(Molina and Rowland 197 4a). The most important sources of CIX are the 
dissociation of CC14 (or F-IO), CFC13 (or F-ll), CF2C12 (or F-12) and 
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CH3CC13, which are anthropogenically produced, and the destruction of the 
natural CH3Cl by OR radicals and by sunlight. 

MODEL CALCULATIONS OF THE OZONF. RESPONSE TO CREMICAL 
PERTURBATIONS 

Theoretical models are currently used to predict the changes in ozone 
concentration and in temperature due to the intrusion into the atmosphere 
of several chemical constituents. These coupled chemical/radiative models 
have to be validated by comparing the calculated, current concentrations of 
the different species with the corresponding observed values (see e.g., 
Brasseur et ale 1982). Although a certain number of discrepancies, one 
should point out the difference in the calculated and observed vertical 
distribution of several source species such as CFC13, CF2C12, N20, CH4 and 
H20, especially in the upper stratosphere. An incorrect treatment of the 
solar penetration in the 02 Schumann-Runge bands region could partly 
explain these discrepancies. Moreover, models do not correctly reproduce 
the CIO and HN03 distribution in the upper stratosphere and results in 
ozone concentrations above 40 km which are somewhat smaller than the known 
observed values. These problems among others indicate that the predictions 
made by models, and especially by one-dimensional approaches, should be 
considered with care and are subject to quantitative changes as long as 
some important chemical or photochemical parameters are still inaccurately 
known. 

In order to study the sensitivity of the ozone layer to several chemical 
agents, a series of individual and coupled scenarios has been applied and 
the new equilibrium ozone concentration has been calculated. The CFC 
perturbation (p) corres~onds to a constant emission of CFC13 (3.4 x 105 
T/~r), CF2C12 (4.1 x 10 T/yr), CC14 (1.0 x 105 T/yr) and CH3CC13 (3.6 x 
10 T/yr). For the other species (C02, N20 and CH4), the current concen
tration has been uniformly multiplied by two. Table 3 shows the resulting 
variation in the total ozone column. To estimate the importance of the 
temperature feedback, which is introduced in most model runs, a number of 
cases have been computed using a fixed temperature profile. The results 
show that, with the presently adopted chemistry, the ozone depletion for a 
CFC perturbation lies between 3 and 3.5 percent. On the contrary, a 
doubling in the C02 amount leads to an ozone increase of 3.14 percent which 
is explained by a cooling of the stratosphere. Since the processes which 
are involved are highly nonlinear, the two perturbations applied simulta
neously do not cancel. The combined effects lead to an ozone depletion of 
1.3 percent. The reduction in the 03 column when the amount of nitrous 
oxide is doubled, is of the order of 8 percent. When the methane concen
tration is multiplied by two, the total ozone amount is increased by one 
percent. Finally a combined perturbation of CFC's, C02, N20 and CH4 leads 
to an ozone reduction of 3 percent which is comparable to the corresponding 
depletion when the sole action of CFC's is considered. 
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Table 3. Perturbation of the ozone column. 

lI0:3 
Temperature % 

Case C0;2 N20 CH4 CFC's feedback 03 

A pa Yes - 3.50 
A' P No - 3.37 
B x 2 Yes + 3.14 
C x 2 Yes - 7.79 
C' x 2 No - 8.92 
D x 2 Yes + 0.97 
D' x 2 No + 0.87 
E x 2 P Yes - 1.30 
F x 2 x 2 P Yes - 5.56 
F' x 2 x 2 P No - 6.84 
G x 2 x 2 x 2 P Yes - 3.06 

aEmission of CFC's. 

These results, when compared with values obtained previously (NASA 1979: 
National Research Council 1979), indicate a larger effect of nitrogen 
compounds and a smaller influence of the chlorofluorocarbons. These 
changes can be explained by smaller calculated concentration values of the 
OH radicals as a result of recent revisions in the reaction rates involved 
in the odd hydrogen destruction. Smaller OR amount lead to a smaller 
n(C10)/n(HC1) ratio and to a larger n(N02)/n(HN03) value. 

The perturbations which have been applied are useful to test the model but 
are rather arbitrary. To predict the future state of the atmosphere would 
require the introduction of a realistic scenario into the model. Because 
of the large uncertainties in the projected emissions of the pollutants, 
different scenarios have been considered. In Case 1 only the CFC contri
bution to the pollution has been considered. Figure 5 shows the historical 
data and the projected values which have been used for the industrial 
sources of the several halocarbons which are released in the atmosphere 
(Legan et al. 1978). The correspondin:j CIX mixing ratio at the stratopause 
from year 1950 to year 2080 is reproduced in Fig. 6. The next two cases (2 
and 3) consider, together with the CFC emission, a gradual increase in the 
C02 and N20 mixing ratio (Fig. 7). 

A number of scenarios for the emission of carbon dioxide have been 
developed (see e.g., Niehaus 1976: Rotty 1977: Council on Environmental 
Quality 1981) and are based on the projected fossil fuel usage. The 
projection adopted in this work is based on the expression suggested by 
Wuebbles et al. (1983): 

f(C0;2) = 335.0 exp [O.0056(t - 1979)) 

where f(C02) is the C02 mixing ratio expressed in ppmv and t the year. 
Such an expression leads to a doubling of the C02 amount at the end of the 



20 

21st century. The past evolution of carbon dioxide' is based on historical 
records (World Meteorological Organization 1977). 
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Fig. 5. Historical release and assumed, future emission of different halo
carbons adopted as scenario for the perturbation calculations (Logan et 
al. 1978). 
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Fig. 6. variation of the CIX mixing ratio in the upper stratosphere 
derived for the halocarbon release shown in Fig. 5. 

Atmospheric measurements carried out in the last decade have shown a 
systematic increase in the N20 concentration of about 0.25 percent per year 
(see e.g., Weiss 1981: Khalil and Rasmussen 1981, 1983). It has been 
assumed that such a growth rate will remain constant until 2080. 

The existence of a systematic trend in the methane amount is subject to 
discussion. Analyzing a series of measurements made in the past decade and 
taking into account several corrections made for older data, Ehhalt et 
al. (1983) does not derive any significant change in the CH4 mixing ratio. 
However, continuous observations made in recent years by Rasmussen and 
Khalil (1981), Blake et al. (1982) and Rowland (personal communication) 
definitely show an increase of 1 to 2 percent per year. Because of the 
present difficulty in proposing a future trend in the CH4 concentration, 
two scenarios have been considered: in Case 2 the amount of atmospheric 
methane remains constant (mixing ratio of 1.5 ppmv) while in Case 3 a 
continuous growth of 1.5 percent/year has been applied after 1970. 

The response of ozone and temperature for these three scenarios has been 
determined by using a coupled chemical and radiative one-dimensional model. 
This model includes a detailed chemical and photochemical scheme taking 
into account the action of the oxygen, hydrogen, nitrogen, chlorine and 
carbon species (Brasseur et al. 1982). The vertical temperature profile is 
derived from a thermal scheme in which heating is calculated using the 
parameterization suggested by Schoeberl and Strobel (1978). The radiative 
transfer in the infrared is treated by determining the transmission 
function in four large spectral intervals. The upward and downward 
infrared flux, as well as the corresponding cooling rates, are obtained by 
solving the radiative transfer equation. An energy balance is achieved at 
the top of the atmosphere assuming a global earth-atmosphere albedo of 0.3. 
The model extends from 0 to 70 km. The vertical transport of the trace 
species and of heat (especially in the troposphere where convective insta
bility appears) is parameterized by means of an eddy diffusion coeffic ient. 

2080 
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Fig. 7. Assumed variations in the mixing ratio of N20, C02 and CH4 from 
1950 to 2080. Case 2 refers to a constant methane content and Case 3 to an 
increase of l.5%/yr. 

The change in the ozone column relative to a preindustrial atmosphere is 
shown in Fig. 8. When only a continuous injection of CFC's is considered 
(Case 1) the ozone amount decreases gradually and the correspondinJ deple
tion reaches 3 percent in the year 2080. When the increase in C02 and N20 
is added to the CFC's emission (Case 2), the decrease in the ozone column 
is somewhat reduced (1.5 percent in year 2080). However, as shown by 
Fig. 9a and b, this enhancement results from an increase in the troposphere 
and a simultaneous decrease in the upper stratosphere. It should be noted 
however that, at these levels, the presence of a large quantity of methane 
prevents the chlorine species from depleting the ozone. This is explained 
by the fact that methane, when sufficiently abundant, converts the active 
chlorine atoms into inactive HCl molecules. Moreover, the simultaneous 
introduction of nitrogen and chlorine oxides leads to the formation of 
CION02 in the middle and lower stratosphere. The ClON02 molecule acts as a 
temporary reservoir for both CIX and NOx and its presence therefore intro
duces a nonlinear effect in the ozone depletion problem. Finally, the 
model calculations show that, in the presence of a large CIX concentration, 
the efficiency of C02 in increasing the ozone concentration by cooling the 
stratosphere is considerably reduced since the sensitivity of 03 to temper
ature becomes very small when the loss rate of 03 is reaction (d3) instead 
of (k3). Equation (9) must be modified when correction factor A (Eq. 11) 
becomes equal to or greater than 1 (Haigh and Pyle 1982). 
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The calculated change in the stratospheric temperature corresponding to 
Case 3 is shown in Fig. 9c. It results from both the reduction in the 
ozone concentration (less UV absorption and less heating) and the increase 
in the C02 amount (more IR emission and more cooling). These quantitative 
results depend on the scenarios which are adopted and on the relative 
contribution of 03 and C02 in the cooling processes. 

In the troposphere the introduction of molecular species such as C02, N20, 
CH4 and CFC's, which are optically active in the infrared, enhances the 
greenhouse effect and should somewhat increase the averaged temperature at 
ground level. These climatic changes, although very important for the 
world's future, will not be treated here. Most radiative-convective models 
suggest, for a doubling of C02, a temperature increase at the earth's 
surface of 1 to 3 0 K (see Ramanathan 1981). It is usually believed that in 
the future the combined effect of the other trace gases (N20, CH4 and 
CFC's) could modify the temperature by a value which is comparable to that 
inferred by the C02 increase. 
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Fig. 8. Calculated changes (expressed in percent) of the ozone column for 
three different scenarios. Case 1 refers to a perturbation by halocarbons 
only, Case 2 takes into account also the increase in the C02 and N20 amount 
(Fig. 7) and Case 3 considers the combined effects of halocarbons, carbon 
dioxide, nitrous oxide and methane. 
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Fig.9a. Relative variation of the ozone concentration as a function of 
altitude corresponding to Case 3 (CIX, C02, N20 and CH4 increase--see 
Figs. 6 and 7) between years 1950 and 1980. 

SUMMARY 

Ozone drives a number of important mechanisms occurring in the atmosphere 
and involving chemical, radiative, thermal and dynamic processes. Since 
this gas is a strong absorber of UV radiation, its depletion by several 
chemical agents leads to an increase in the uv radiation level at the 
earth's surface. It is, for example, generally assumed that the percentage 
change of the biologically effective ultraviolet at ground level would be 
greater than the percentage ozone decrease (see Caldwell et al., in this 
volume). Agricultural and industrial activity is responsible for the 
emission of several gases which modify the morphology of the ozone layer 
and consequently the penetration of ultraviolet radiation. Determination 
of the quantitative ozone change requires complex models taking into 
account many interactive processes and feedback mechanisms. The models are 
based on laboratory data which are measured with a certain degree of uncer
tainty and on phenomenological parameters which are sometimes poorly known. 



25 

Consequently the model results should be associated with an uncertainty 
which is difficult to determine because of the large number of processes 
which are involved. 
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Fig.9b. Same as in Fig. 9a but for the absolute variation in the ozone 
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