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The problem of the destruction of the protective ozone layer by chlorofluorocarbons 
is studied. Alternative strategies for the industrial use of different freons are dis-
cussed. A number of scenarious of emission of chlorofluorocarbons into the atmosphere 
for the period up to the year 2050, which correspond to the strategies, is presented. 
Numerical experiments on the prediction of the changes in the total ozone content, the 
vertical distribution of ozone, and the accumulation of active chlorine in the atmos-
phere up to the year 2050 were performed based on a one-dimensional photochemical 
model of the atmosphere using the indicated scenarios. It is concluded that the indus-
trial use of the any chlorine-containing freons is potentially dangerous from the stand-
point of the effect on the ozonosphere. 

 
INTRODUCTION 

 
The emission of fluorochlorocarbons (CFCs) into 

the atmosphere is now thought to be potentially the 
most dangerous form of disturbance of the ozono-
sphere. The effects associated with the action of CFCs 
on atmospheric ozone are now being intensively stud-
ied in different countries using 1-D and 2-D photo-
chemical models of the atmosphere (PCM). 

There is no doubt that the existing qualitative 
and quantitative discrepancies in the model predictions 
of the future state of the ozonosphere also dictate dif-
ferent strategies for limiting the industrial use of 
CFCs. But there is now agreement regarding a number 
of the most important aspects of the problem. 

Thus, for example, virtually all predictions based 
on PCMs showed that F–11 (CCl3F) and F-12 
(CCl2F2) play the dominant role in the destruction of 
the ozone layer. This is now used as a basis for prohib-
iting the industrial use of these chemicals to the end of  

this century, as envisaged in the Montreal protocol. 
The question of the usefulness of alternative strategies, 
presupposing increased industrial use of F-22 
(CHF2Cl), CCl4 or CH3CCl3 as alternatives to the 
band F–11 and F–12, has not been studied as well. 
This paper is devoted to the analysis of this problem. 

The numerical experiments were performed based 
on the 1-D PCM for altitudes in the range 0–60 km 
with an altitude step of 1 km in the troposphere and 
2 km in the stratosphere.1 The photochemical model is 
combined with a radiation block, where the photolysis 
rate constants are calculated based on an optimized -
Eddington scheme. The use of the -Eddington scheme 
makes it possible to calculate correctly the diffuse 
component of the radiation field, which is of funda-
mental importance for modeling tropospheric photo-
chemistry, while optimization of the computational 
procedure makes it possible to achieve a computational 
speed equivalent to the well-known simplified method 
of Ref. 2. 

 
TABLE I. 

 

Preliminary scenario-surface boundary conditions (z = 0) 
 

 
 



290  Atmos. Oceanic Opt.  /March  1997/  Vol. 10,  No. 3 S.G. Zvenigorodskii, V.U. Khattatovov 
 

 

 

SCENARIOS EMPLOYED.  
PCM INITIALIZATION 

 
It is obvious that the initial conditions determine 

the time scales of the reaction of the model to the 
emission of CFCs from the bottom boundary. 

In order to have a common starting point, begin-
ning in 1985, UNEP (89) recommended an initializing 
calculation for the 20 year period up to 1985. 

The idea of the recommendations consists of 
bringing all the PCMs into a quasistationary regime, 
corresponding with respect to the vertical distribu-
tions of the most important gaseous components, to 
the real concentration level in 1985. 

After the preliminary scenario (Table I) we em-
ployed in our computational experiments, starting 
with 1985, the surface boundary condition in the 
form of emissions. The data for F–11, F–12, and  
F–22 corresponded to the UNEP (89) scenario, 
while the data for CCl4 and CH3CCl3 corresponded 
to Ref. 3 (see Table II). 

The contribution of F–113, F–114, F–115,  
H–1211, and H–1301 was assumed to be negligibly 
small compared with F–11 and F–12 in accordance 
with earlier estimates. 
 

SCENARIO OF GROWTH AFTER 1985 
 

In all scenarios the CH4 concentration at the 
ground increased by 1% per year while the N2O con-
centration increased by 0.25% per year. 

Scenario I.  The emission of all CFCs in the pe-
riod from 1985 to 2000 are constant and correspond 
to Table II: after 2000 the emission are zero. 

Scenario II.  Emissions of all CFCs from 1985 
to 2000 are constant and correspond to Table II: 
after the year 2000 all emissions are halved. 

Scenario III.  All CFCs, including CCl4 and 
ÑÍ3ÑÑl3 are completely replaced with F–22, whose 
emission is equivalent — 1 metric megaton/yr., and 
is constant in magnitude throughout the entire pe-
riod of the calculation. The calculations continue 
until the quasistationary state is established (50 
model years). 
 

TABLE II. 
 

 
 

Scenario Ia. Grouth of emission of CCl4 from the 
1985 level (Table II) by 5% per year up to 200 and 
10% per year there after, is added to the scenario I. 

Scenario Ib. Analogous to Ia  with CCl4 re-
placed by CH3CCL3- 

Scenario Ic. Analogus to Ia with CCl4 replaced 
by F–22. 

Scenario 1
bI .  Analogus to Ib with the OH at-

mospheric content reduced by 30%. 
Scenario 2

bI .  Analogus to Ib with the OH at-
mospheric content reduced by 60%. 

Scenario III1. Analogus to III with the OH at-
mospheric content reduced by 30%. 

Scenario III2. Analogus to  III with the OH at-
mospheric content reduced by 60%. 

The choice of scenarios corresponded to the fol-
lowing physical concepts: 

since the lifetime of CFCs in the atmosphere is 
long (from 10 to 100 years) the scenario I permits 
estimating the relaxation time of the system to the 
background state and the character of this relaxation 
after emissions stop. 

Scenario II simulates the strategy with 2 time 
higher emissions of all CFCs up to the year 2000. 

Scenario III corresponds to the starting assump-
tions of Ref. 3 for estimating the possible effect on 
the ozonosphere in the case when all CFCs awe re-
placed by F–22. 

The scenario Ia, b, and ñ examine the alterna-
tive replacement of all CFCs by CCl4, CH3CCl4 and 
F–22 separately with the same growth of emissions. 

The scenarios 1 2
b bI , I , III1, and III2 take into ac-

count the fact that together with photolysis in the 
stratosphere for CH3CCl3 and F–22 there exists a 
significant tropospheric sink in reactions with the 
hydroyl radical (OH). 
 

DISCUSSION 
 

Figure 1 shows the changes in the total ozone 
content based on the results of the numerical experi-
ments performed compared with the data of 2–D3 and 
1–D4 modeling, obtained by other authors. The curve 
1 (scenario I), which agrees well with the calculations 
based on the OSLO 2-D model3 under the assumption 
that the complete system of measures for limiting 
emissions, as envisaged by the Montreal protocol, is 
implemented, shows that the time scale of the relaxa-
tion of the ozonosphere to the background state after 
all perturbations cease is equal to several decades and 
by the year 2040 the deficit of the total ozone can be 
kept to 3–4%. All other curves in this figure (Ia,b,,c, Ib, 
1, 2, and 3), corresponding to various alternatives for 
using CFCs, exhibit only an insignificant quantitative 
discrepancy; this underscores the most important con-
clusion — the total ozone content can drop by 8–10% 
without the introduction of stringent measures to limit 
the emission of chlorine-containing CFCs.  

Figure 2 contains information about the accu-
mulation of active chlorine (Cly) in the stratosphere 
in different scenarios. According to our numerical 
experiments the strongest accumulation of Cly in the 
stratosphere is observed in the scenario 2

bI ;  this un-
derscores the need for studying in greater detail the 
OH concentrations in the stratosphere. 
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FIG. 1. The decrease in the total ozone content 
(as a percent of the 1985 level) for scenarios of 
CFCs emission. 1) results of 2–D calculations3 
with complete cessation of emission of CFCs by 
1990; 2) results of 2–D calculations3 with exist-
ing rates of growth of use of CFCs; 3) results of 
1–D calculations (high scenario);4 4) results of 
calculations based on the scenario la with CCL4 
emission increasing by 2% per year. The remain-
ing curves are numbered in accordance with the 
scenarios of CFCs emissions (see text). 

 

 
 

FIG. 2. The accumulation of active chlorine in the 
stratosphere based on results of numerical experi-
ments. 1) 2–D results for the variant "no con-
trol”; 2) same with restrictive measures intro-
duced in accordance with the Montreal protocol. 

 

The very high content of chlorine in the strato-
sphere in the OSLO 2–D model for the "no control" 
variant is interesting. 

Summarizing the results, including those pre-
sented in Fig. 1 and 2, we can draw the following 
conclusions. 

1) Since the main sources and sinks of Cly 

(CFCs emission and washing out of HCl by precipi-
tation) are located in the troposphere, the regime of 
accumulation of active chlorine at stratospheric alti-
tudes and therefore the depletion of the ozone layer 
will be determined by the effective flux of chlorine-
containing components through the tropopause. 

2) Currently the CFCs accumulated in the strato-
sphere will be sufficient for continued growth of the 
background level of the Cl4 content at the altitudes of 
the ozonosphere for several decades even after emis-
sions of freons stop completely (curve I in Fig. 2). 

3) Since the destruction of ozone occurs in cata-
lytic cycles without consumption of molecules of ac-
tive chloring and the present background level of the 
Cly content in the stratosphere can be characterized as 
being “precritical" at moderate latitudes and "critical" 
at polar latitudes, any alternatives connected with 
chlorine-containing substitutes are very dangerous. 

Figure 3 demonstrates the loss of ozone at alti-
tudes in the range 0–60 km in the quasistationary 
regime with a constant flux of F–22 from the sur-
face of 1 metric megaton/óã (see the scenarios III, 
III1, and III2). The curve IIIF corresponds to the 
results obtained earlier by P. Fabian et al.5 on the 
basis of a 1–D PCM with analogous initial data. 
 

 
 

FIG. 3. The change in the ozone content at alti-
tudes from 0 to 60 km with all CFCs replaced 
6y F–22. The curve IIIF shows the results of the 
I-D modeling.5 The rest of the notation corre-
sponds to the scenarios (see text). 

 

We note the close qualitative and quantitative 
agreement between the results of Ref. 5 and our cal-
culations (III and IIIF). The  curves III1 and III2 
correspond to 30 and 60% reduction of OH content. 
We stress that in these cases the effect with the  
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maximum in the layer 34–38 km is significantly am-
plified (the ozone deficit reaches 16%). This fact 
once again points to the fundamental role of tropo-
spheric OH in the predictions made. At the present 
time the background level of OH in the troposphere 
falls in the range 105–106 moles/cm3 with clear 
variations (up to orders of magnitude) in time peri-
ods ranging from several minutes up to an entire 
season. The mechanisms by which the OH concentra-
tions in the troposphere decrease can be related with 
the following: a) screening of UV radiation by 
clouds; b) washing out of H2O2 – an important res-
ervoir of OH — in clouds and precipitation; and, 
c) heterogeneous annihilation of OH and HO2 on the 
surface of tropospheric aerosol. 

In conclusion we want to express our deep ap-
preciation to S.P. Smyshlyaev (Leningrad Hydrome-
teorological Institute) and V.A. Markov (Scientific  
 

and Technical Society of the USSR Academy of 
Sciences), who performed numerous computer experi-
ments and provided practical assistance in interpreting 
the results. 
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