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FOREWORD 

The work described in this report was undertaken initially to provide some guidance in the 
planning of research and development activities ;it the Oak Ridge National Laboratory directed 
towards improvement of refrigeration and air conditioning equipment. The work was mostly 

completed more than a year ago. In the interim, comments have been recieved from several. 
reviewers, both within and outside the Oak Ridge National Laboratory, and a number of important 
developments have occurred in the assessment of environmental impacts of chlorofluorocarbons 

(CFCs). In particular, there has been some further upward revision in the calculated magnitude of 
ozone depletion for various CFGs, as obtained by the principal oiodeling groups. Also a major new 
report, “ALmospheric Ozone 1985: Assessment of Our Understanding of the Processes Controlling 
its Present Distribution atid Change” (WMO, 1986) (also referred to as the International 87one 
Assessment) has become available in final draft form and is in publication at present. As a result of 
these developments and reviewers comments, numerous changes have been required in details of the 
presentation and some errors have been detected and corrected. However, the conclusions reached 
in this study remain substantially the same. I realize that they may be somewhat controversial, and 
indeed that they anticipate (but may not be consistent with) a determination on the need for 
further regulation that is to be made by the United States Environmental Protection Agency in 
November 1987. Let the argument presented here speak for itself. 

... 
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SUMMARY 

Certain chlorocarbons (CLCs), including the chlorofluoromethanes CFC- 1 1 (CFCl,) and 
CFC- 12 (CF2C12), are extremely valuable for refrigeration and air-conditioning and are very useful 
as industrial solvents and as foaming agents in the manufacture of plastic foams. They are also 

widely used as aerosol propellants. These compounds sooner or later find their way into the 
atmosphere, where it is thought they will cause a reduction in the concentration of stratospheric 
ozone and an increase in the average surface temperature of the earth. This report provides 

estimates of ozone depletion and surface warming for various scenarios €or future emissions of eight 
important chlorocarbons: GFC- 1 1, CFC- 12, CFC-22 (CHFZCI), CFC- 1 13 ( CFCI~CFIC~), CFC- 1 14 
(CF2C1CF2C1), CFC- 1 15 (CF2C1CF3), CC14, and methyl chloroform QCH3CC13). Although the 
combined rare of emission of these eight compounds varies among the scenarios, their relative 
emission rates are, for simplicity, assumed to remain in the same proportions as at present. 

A simple method was devised for estimating the reduction of total column ozone by 
interpolation of published results obtained with more elaborate models of atmospheric chemistry 
and physics. I t  appears that relative ozone depletion and relative surface temperatur:: change €or 

various scenarios can be estimated more reliably than can the absolute values of  these quantities for 
any given scenario. Therefore, in this report, the ozone depletion estimates are normalized to the 
asymptotic, steady-state depletion for a reference scenario having constant CLC emissions at 
current rates. The estimates of surface temperature change are expressed in terms of the change to 
he expected for a doubling of the atmospheric carbon dioxide (C02) concentration. 

Present estimates for the steady-state ozone depletion in the reference scenario (constant CLC 
emissions at present rates) appear to be in the range of !i-IO% of total column orone, although the 

preferred estimate continues to change with improved models and reaction rate data. Consideration 
of the effect of ozone density on the intensity of ultraviolet (uv) radiation at the earth’s surface and 
consideration of the effects of increased uv intensity on people, on terrestrial plants and animals, 
and on marine biota suggest that a change of this magnitude may be “acceptable.” The steady-state 
ozone depletion in the reference scenario was therefore adopted as a rough measure of acceptable 
change. Ozone depletion several times greater than this is presumed to be unacceptable. 

The scenarios considered, in addition to the reference scenario, included growth of CLC 
emissions at  rates of 3-5%/year up to emission rates a few times higher than present rates. Also 
included were scenarios in which CLC emissions, having grown to higher levels, subsequently 
declined at various rates and starting at  various times. These so-called “transition” scenarios are 
illustrative of the changing CLC emissions as substitutions or emission controls are introduced and 
gradually become effective. 

The depletion of total column ozone does not vary linearly with atmospheric burden of CLCs 
but increases somewhat more rapidly with increasing burden. Thus a twofold increase in CLC 
emissions, relative to the reference scenario (Le., constant emissions at  present rates) (according to 
the model employed here), would increase the steady-state ozone depletion by a factor of 2.6; a 
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threefold increase, by a factor of nearly 5; and a fivefold increasc, by a factor of 10. The surface 

temperaturc sensitivity is also nonlinear, but the sensitivity decreases with increasing C1.X 
concentrations owing to saturation of the infrared (ir) absorption lines. 

The reference scenario appears to present no imminernt environmental hazards, and forced 
reduction of emissions below current levels does not appear to be justified. However, growth in 
annual C I X  emissions seems likely and would lead eventually to disturbingly large effects, e.g., 
ozone depletion several times greater than the steady-state depletion for the refcrence scenario and 
a contribution to surface warming comparable to that from doubling of C02.  For a growth rate of 
3%/year or more, this situation would happen by about the middle of the coming ceatury or sooner. 
But if such growth can be slowed and then reversed, starting within a few decades, the maximum 

ozone depletion and the maximum surface temperature chaage can be kept within acceptable limits, 
that is, O Z Q ~  depletion comparable to steady-state depiction in the reference scenario and 
temperature effect small compared to that expected from doublhg COZ. Depcildirlg on the iaitial 
growth rate in CI,C emissions (e.g., ?-5%/year) and on the rapidity with which substitutions or 
effective emission controls could be introduced, it appears that the time whcn such actions .i~nuld 
begin to be effective should come within the next few decadcs, for examplc, within 15 to 30 years 

or so. 
In summary, the reduction of CLC emissions below present levels does not appear to be 

necessary certainly not in the near future. Some growth in emissions is perrnksiblc, but not for 
very long. Continued emissions at  a few times current rates are probably unacceptablc. If  growth in 

emissions over the next few years averages P%/year or more, actions to slow and then reverse that 
growth would need to become effective within about 15 30 years and emission rates would 

eventually have to be reduced again to level3 comparable to or less than the present ones. 



ABSTRACT 

This report describes a method that has been devised for estimating ozone depletion for various 
assumptions regarding the future release. of clsltrrocar-bons (CLCs) to the atmosphere. The method 
i s  calibrated against publiskcd results obtained with more elaborate models of atmospheric 
chemistry. The method is applied foor various scenarios foor future CLC ~~rmisisi~ns, with and without 
emission controls. Estimates are also made of the climatic effects of CLC emissions, its represented 
by thc average surface temperature of the earth. It is concluded that current rates of emission 
present no immediate danger to the earth and its inhabitants and would not do so for many 

decades. However, growth in CLC emissions at 3Rojyea.r or more, as seems likely, would eventually 
lead to unacceptable changes both in total O L Q ~ ~  density and in surface temperalure. Although no 

corrective action appears necessary at present, given the long times rleeded to devetop and introduce 
substitutes or to implement effective emission controls, such actions may he necessary within the 

next one to three decades. 
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1. INTRODUCTION 

Several fully halogenated carbon compounds, notably chlorofluoromethanes (CFMs), hdi 3 

proven extremely useful for refrigeration and air-conditioning. in addition to having desirable 
therinodynarnic properties, they are mostly nonflammable, nontoxic, noncorrosive, and stable. They 
are ideal for the purpose. These compounds have also proven useful as industrial solvents, as aerosol 
propellants, as blowing agents in the manufacture of plastic foams, and as fire extinguishers. In 
general, they have appeared to be environmentally benign, a blessing in these days when so many 
products of contemporary technology seem to have unwanted and harmful side effects. In recent 
years, however, two concerns have emerged regarding possible adverse effects of these halocarbons, 

namely (1) their potential impaGt on the earth’s ozone shield [which limits the intensity of 
biologically damaging ultraviolet (uv) light at the earth’s surface] and (2) their possible 
contribution to climate change through the so-called “greenhouse effect.” 

1.1 THE OZONE SHIELD 

Ozone (triatomic oxygen, 03) is an unstable, highly reactive form of oxygen that is normally 
present in the atmosphere in concentrations ranging from <0.1 ppm at low altitudes to -10 ppm 
in the middle stratosphere, with an overall average of -0.4 ppm. The entire amount of ozone in the 
atmosphere, if collected in a single layer near the surface (at standard temperature and pressure), 
would form a layer only about 3 mm thick. However, this relatively tiny amount of ozone absorbs 
most of the uv radiation in sunlight incident at the top of the atmosphere, shielding plants and 
animals at the earth’s surface from uv-induced damage that would otherwise occur. Of course, these 
plants and animals have evolved under the protection of this filter. Therefore, it i s  not surprising 
that they are subject to damage by uv intensities much higher than normal. Thus the possibility of 
impairment of the filter over a relatively short period of time must be viewed with some concern. 

Ozone is formed, primarily in the stratosphere, by reaction of diatomic oxygen, 02, with atomic 
oxygen. The atomic oxygen is formed high in the atmosphere by photolysis of O2 by incident uv 
light. Ozone is removed by recombination with atomic oxygen, 

0 + 0 3  --c 202(net)  , 

or by recombining with itself, 

O3 -4- 03 4 3 0 2  (net) . 

These net reactions are catalyzed by several sequences of reactions involving odd hydrogen (H, HO, 
H02, K202), odd nitrogen (NO, NQ2, N03, N20S, WN03, MQ2NQ2), odd chlorine (Cl, (210, HCl, 
ClONO2), and others. At present, a large fraction (e.g., around 70%) of the ozone-loss reactions 
involve odd nitrogen. However, Molina and Rowland (1974) pointed out that increasing production 
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of CLCs and their release to the atmosphere would enhance the contribution of the odd-chlorine 
catalytic cycles to the destruction of ozone and hence to a reduction in its concentration and to an 
increase in uv radiation at the surface. (See also Stolarski and Cicerone 1974, Wofsy and McElroy 
1974, and Rowland and Molina 1975.) 

1.2 THE GREENHOUSE EFFECT 

The principal constituents of the earth’s atmosphere, diatomic nitrogen and oxygen, are nearly 
transparent to incident solar radiation and to the infrared (ir) heat radiation that is emitted by the 
warmed earth. Some minor constituents of the atmosphere, notably water vapor and C02, are 
strong absorbers of ir radiation, which they then reradiate, partly backward toward the earth and 
partly outward again toward space. This absorption and reradiation of ir radiant energy, along with 
the processes of convection and evaporation/condensation of moisture, keep the surface and lower 
atmosphere at a temperature some 35°C warmer, on the average, than would prevail in the absence 
of these ir-absorbing gases. Since the use of fossil fuels (coal, oil, and gas) is leading to a significant 
increase in CO2 concentration in the atmosphere, concern has been expressed for some years 
regarding the possibly harmful effects of increasing the temperature of the earth. More recently, it 
has been recognized that a number of other trace gases vhose concentrations may be altered by 
human activities can also contribute significantly to this “greenhouse dfect.” Thesz other gases 
include nitrous oxide (NZO), methane (CH& and the chlorofluoromethanes CFC13 (CFC-11) and 
CFzC12 (CFC-12). Others may contribute also, but these are thought to be the likely principal 
contributors other than C02. Taken together, their combined contributions to future warming of the 
earth may he comparable to that of C02. 

The purpose of this report is to review evidence concerning these potential effects, to estimate 
the magnitudes of ozone reduction and surface temperature increase for various scenarios for the 

future release of CECs to the atmosphere, and to inquire whether or when mme restrictions on 
future emissions may be justified. 

Because the atmospheric lifetimes of the compounds considered here are long, they become 
rather uniformly distributed around the world. Their effects are global in extent, without regard to 
their points of origin. Thus, as is the case with C02, it is the combined worldwi 
matter and that are considered in this report. 

It should be pointed out that this subject has been very extensively reviewed by the National. 
Academy of Sciences/Mational Research Council (NAS/NRC) in a series of reports from 1975 to 
1984 (NRC 1975, 1976a. 3976b, 1947, 1979a, 1973b, 1982, 1984). Major reviews have also becn 
published hy the National Aeronautics and Space Administration and the World Meteorological 
Organization (Hudson and Reed 1979; Hudson et al. 1982). (A  new lreport sponsored by these and 
several other organimtions is scheduled to be published in 1986, WMO 1986.) In addition, a very 
extensive body of literature has accumulated h scientific journals. These sources have been drawn 
on heavily in the picparation of this report. Our purpose has been to apply :he insights and 
information gathered from this literature iii considering these questions: Docs it seem likely that the 
prospect of future environmental changes will. be sufficieicntly alaxming to occasion a major effort to 
reduce future CLC releases to the atmosphere, and, if so, when? 



2. SCOPE OF THE STUDY 

2.1 COMPOIJNDS CONSIDERED 

The halocarbons considered directly or indirectly in this study are listed in Table 1, along with 
estimates of the 1983 annual, worldwide release rates of these cornpounds to the atmosphere. 

Table 1. Compounds considered in this study and 
their estimated worldwide release rates in 1983 

Compound Name Release rate 
( to6 kglyear)" 

CFC-I1 (F-11) 
CFC-12 (F-12) 
Carbon tetrachloride 
CFC-22 (F-22) 
CFC-113 (F-113) 
CFC- 114 (F-114) 
CFC-115 (F-115) 
Methyl chloroform 

26 5 
412 
131 
72  
97 
18 

455 
4.5 

'Source: Wuebbles, MacCrdcken, and Luther ( 1984). 
Rased largely oti estimates by h e  Cnemicd Manufacturers 
Assrxiation (C'MA 1982) for CFC-II and CFC-12 and on 
estimates by the Organieation for Econumic Cooperation 
and Development (OECD 1981) for the other cornpounds. 

The first two compounds listed in Table 1 appear to be the most important ones, and most of 
the following analysis and discussion will be focused on these two. However, the effects of the other 
compounds will be considered. With the exception of CFC-22 and methyl chloroform, these are 
fully halogenated compounds, having neither hydrogen atoms nor double bonds. At normal ambient 
temperatures, these compounds are either gases or volatile liquids, and a major fraction of the 
volume produced each year soon finds its way into the atmosphere. The fully halogenated 
compounds have no known tropospheric sinks. Thus, they become almost uniformly distributed 
throughout the troposphere, whence they are carried into the stratosphere in the slow exchange of 
air between these two major regions of the atmosphere. High in the stratosphere, these compounds 
are broken down by uv light (photodissociation). The free chlorine released in this way can react 
with ozone in the stratosphere, augmenting the loss side of the production/destruction balance and 
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thus reducing the ozonc concentration.* The chlorine so produced forins the hasis for several 
catalytic cycles, the principal one of which is 

0 + O3 - 202  (net) 

Thus the chlorine is soon regenerated following its reaction with oeone and is available to destroy 
another ozone molecule. In this way, the destruction of many thousands of o ~ o n e  molecules can be 

caused by a single chlorine atoin before the chlorine i s  finally removed by transport back to the 
troposphere, where it i s  washed out (as HCI). 

The coinpounds that contain hydrogen (e.g., CHF2CI and CH3CCl3) and compounds with 

doubl:: bonds (none of which is listed in 'Table 1) react with the MO (hydroxyl) radical in the 

troposphere, and their atmospheric lifetimes are much shorter than those of the fully halogenated 
compounds. Only a fraction (usually small) of these compounds reaches the stratosphere and 

undergoes photolysis with the release of chlorine. Thus, CHF2C1 (CFC-22) should be far less 
damaging to the ozone shield (for a given rate of emission to the atmosphere) than CFC-11 or 
CFC-12 and might be considered as a substitute for them. We shall return to this point later. 

Table 2 lists some trace gases that will be of interest in this study (including those listed in 

Table 1)  and gives their present concentrations and their current rates of increase. 

-. . . . . . . .. - . . . .. . . . . 

*Fluorine in thesc compounds is more tightly bound to the carbon atom than the chlorine is and, when 
released, is much less reactive with U3. IF. addition, HF is more stable in the atmosphere than i s  HCI, thus 
sequestering fluorine more effectively. 

Table 2, SQZM trace gases and their approximate 1985 
cosncsotratiarps and rates of increase" 

Compound Present concentrations Rate of increase 

co2 
N20 
CH4 

CFC- 1 1 
CFC- I2 
cc14 
CFC-22 
CFC-I I3 
CFC-I 14 
CFC-I I5  
CH,CCL, 

345 ppmv 
0.3 ppmv 
1.7 ppmv 

380 pptv 
161 pptv 
44 pptv 
32 pptv 
10 pptv 
2.3 pptv 
139 pptv 

2 I O  pptv 

1.5 pprn/year (0.4%S/year) 
-0.2%/year (?)  
-l%/year ( ? )  

9 ppt/year (4%/year) 
18 pptlyear (%/year) 
3 pptlyear (2%/year) 
3 ppt/yernr (,7%/year) 
3 ppt/year (9%/year) 
0.6 pptlyear (6%/year) 
0.2 ppt/year (7%/year) 
6 ppt/yeur (%/year) 

"Note that these figures do not agree exactly with those given in 
other references [e.g., Prim et al. (1983a), Ramanathan et al. 
(1985)], but the differences are generally small and inconsequential 
for our purposes. 

Source: Based on Wuebbles, MacCracken, and Luther (1984). 
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2.2 EFFECTS CONSIDERED 

The principal effects considered are those discussed in the Introduction, that is, ozone depletion 
We will draw attention also to the question of changes in the and the greenhouse effect. 

temperature structure of the stratosphere. 

2.3 APPROACH USED IN THIS STUDY 

A very simple one-box model of the atmosphere was adopted to estimate the tropospheric 
concentrations of CFC-11 and CFC-12, and a simple correlation was used to translate these 
tropospheric concentrations into estimates of total ozone depletion. The approach used relies on 
calibrating these simple prescriptions against published computations for CLC concentrations and 
ozone depletion. The details are presented in Sect. 8. 

2.4 UNITS OF MEASURE 

Because estimates of the absolute magnitudes of ozone depletion and of global warming are still 
subject to appreciable uncertainties, we have chosen to present ozone depletion for various @LC 
release scenarios in terms of the asymptotic (steady-state) depletion for a standard, reference 
scenario having continued, constant emissions of CLCs at present rates, since this is the quantity 
most often reported in the literature. Similarly, we report the effect of CLGs on global-average 
surface temperature in terms of the temperature change that would be induced by a doubling of 
CCrz concentration, that is, the so-called "doubling A7"' of C Q Z ,  Both of these quantities-the 
steady-state ozone reduction for the standard scenario and the doubling AT of COz -axe still rather 
uncertain quantities; but it seems likely that estimates of the relative ozone depletion fur  various 
scenarios and the relative greenhouse effect for various trace gases will remain more nearly the 
same, as research continues, than will the absolute magnitudes of any of these quantities. 

. 

- 





3. HISTORICAL PRODUCTION AND 
RELEASE OF CHLOROCARBONS 

Wuebbles, MacCracken, and Luther ( 1984) have summarized the record of historical releases of 
CLCs, as estimated mainly by the Chemical Manufacturers Association (BSMA 1982) for CFG-11 
and CFC-12 and by the Organization for Economic Cooperation and Development (OECD 1981) 
for the other compounds listed in Table 1. The record for CFC-11 and CFC-12 is reproduced in 
Fig. l.* From 1960 to 1973, emissions of CFC-11 grew at an average compound rate of about 
15%/year, while CFC-12 eniissions increased at about 1 I%/year. Since the rnid-l970s, however, 

emissions of these compounds have remained roughly constant, primarily as a result of the decrease 

*Data given in a more recent CMA report (CMA 1985) lie slightly below those shown in Fig. 1. The later 
report includes only production and sales figures reported by twenty cooperating companies, representing most 
production outside the Soviet Bloc and China, while the earlier report includes estimates for those countries; 
these estimates are not considered to be very reliable, and information has not been available to update them 
for later years. 
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Fig. 1. Annual worldwide releases of chlorofluoromethanes. Dashed curves after Wuebbles, MacCracken, 
and Luther (1984); solid curves after Chemical Manufacturers Association (CMA 1982). 
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in the use of CLCs as aerosol propellants. However, a resumption of growth in the mid-1980s is to 
be expected, as will be discussed in Sect. 7 ,  ““Scenarios for Future Release of Chlorocarbons.” 
Figure 2, also based on Wuebbles, MacCracken, and Luther (19841, shows historical releases of 
some of the other compounds listcd in Table 1. 

The release rates estimated by the Chemical Manufacturers Association for CFC-11 and 
CFC- 12 were obtained by estirnating production in all producing countries (including the Soviet 
bloc), estimating the fraction of annual praduction that was used in each application (Le., 
refrigeration, automotive air conditioners, foaming agents, aerosol propellants, etc.), and estimating 
the average lime delay before release to the atmosphere in each application ( h 9  short for aerosols 
and manufacture of open-cell plastic foams, somewhat longer for closed-cell foams and auto air 
conditioners, and longer still for home refrigerators, etc.). The ratio of annual release to annual 
production in each year, as estimated by the CMA (CMA 1982), is shown in Fig. 3. Although 
these release figures cannot be considered to be precise, it appears that an amount equal to about 
90% of annual production has been released to the atmosphere (including, of caurse, contributions 
from production in prior years). Cumulative release divided by cumulative production is about 0.88 
for CFC-11 and 0.92 for CFC-12. Of course, these ratios could be modified in future years. 
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Fig. 2. Apnnirid ~~~~~~~~~~ releases of selected chlomcarhons Dashed curvcs after Wuebbks, MacCracken, 
and Luther (1984): solid curve after Prinn et al. (1983b). 
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Cunnold et al. (1983b) for CFC-12.1 





4. HISTORY OF PROJECTED OZONE DEPLETION 

4.1 EFFECTS OF CHLOROCARBQNS 

Over the past decade, the prevailing estimates of ozone depletion that would result from 
continued release of CLCs to the atmosphere have undergone frequent and substantial changes, 
sometimes upward and sometimes downward. The uricertainty in the estimates at any time has 
always been understood to be very large. Differences in the estimates obtained by the same 
investigators at different times and by different investigators at the same times are attributable in 

part to differences in structure of the atmospheric chemistry models used, but primarily to 
differences in the set of chemical reactions included in the cotnputations and in the rate constants 
assigned to these reactions. Interest in the question of stratospheric perturbations has generated a 
very large research effort over the past ten years or so, resulting in great improvements in the rate- 
constant data available for the models and in the observations of stratospheric concentration profiles 
of key species that are used for validating the results of model computations. At present, several 
dozen chemical species (compounds and radicals) are typically represented in the models, and these 
species are typically linked by up to 200 different reactions. The inclusion of new reactions or of 
revised rate data has been responsible for most of the substantial revisions in estimated ozone 

depletion. 
Most of the studies of changes in atmospheric composition have been carried out with one- 

dimensional ( 1-D) models (with only the vertical dimension explicitly represented). Such models 
must allow for transport processes in the atmosphere in  a highly simplified manner and, of course, 
cannot disclose regional differences. Although the simplifications and approximations inherent in 
the I-D models have been recognized as a major source of uncertainty in the model predictions, in 
the main, the results of the 1-D calculations have been confirmed by a few (more costly) two- 
dimensional (2-D) calculations. Three-dimensional (3-D), general circulation models of the 
atmosphere can explicitly represent the larger-scale transport processes but, because of 
computational limitations, cannot yet also accommodate the full range of chemical reactions that 

are included in the 1- and 2-B models. 
For purposes of comparison, it has been customary to consider a standard, reference scenario 

with constant CLC emissions continued indefinitely at "present" rates (e.g., 1973 rates, 1976 rates, 
1980 rates). Since, as can be seen from Fig. I ,  the emission rates of the two key compounds 
CFC-11 and CFC-12 have not changed very much over the past ten years, the calculations for this 
standard scenario, though done at different times, are roughly comparable. 

The range in estimates obtained by various investigators at any given time has usually been 
narrower than the range of changes that have occurred over the ten-year period. A record of 
average or typical estimates for ozone depletion for the standard scenario (constant emissions) as a 
function of the time when the estimates were made is given in Fig. 4. The quantity shown i s  the 
percentage reduction in total column otone that would occur asymptotically, that is, at steady state 

* 
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(1986). 

(following a long, slow approach to equilibrium) for the case of continued constant emissions at 
current rates (the standard scenario). 

Of greatest ioterest is the marked reduction in the prevailing estimates of ozone depletion that 
has occurred since 1978, when the best estimate W A S  that steady-state ozone depletion woi.i161 Ire 

about 18%. Ry 1983, most estimates were in the range 2-4% (NRC 1984). However, piesent 
estimates are a g ~ i n  somewhat higher, ruiiiiing gene~ally i i )  ;he range 5 9% (WMO 1986). 

A major reason for the reduction in  the estimates since 1979 has been revised information on 

the rate constants for reactions involving odd-hydrogen species such as 110 and H02.  The effect of 
these changes is seen primarily in the estimated orone dcpletion in the lower stratosphere, where 
the absol1.rte ozone conceritration is highcst. The large itripact of these changcs i n  the treatnient of 
atmospheric chCiiliSilJ/ is shown in Fig. 5 (reproduced from NRC 1984, Figs. 6.1 and 6.2). The  
large percentage reduction in Gzone around tbc 4 3 - k i i i  altitude is relativcly unaffected. and this bas 
becri a persistent feature of the ca1cul;itinns since t i i t .  beginning. At lower elevations, howevei, 

where there i s  far more ozone to begin wi!h, what was previously seerr as a substantial decrease in 

ozone conccritration i s  now seen as a modest increaw. Interprehtinn of F-igs. 5(a)  and 5(6) may he 
assisted by reference to Fig. 6, which shows a representative ozoiie distribution as a function of 
altitude ( U S .  Standard Atmosphere, latitude 45"N). 

Recent analyses of the ozone depletion question have made clear that the CLLs are not alone in 

having an irifluence on ozone density. ( l h e  question of ozone depletion ica!Ey oiiginated with 
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Fig. 5. Calculated values of the change in steady-state O Z O I I ~  concentration as a function of altitude for 
continuous releases of CFCs alone at 1980 rates. ( a )  Absolute change; ( 5 )  relative change. Source: NRC 
(1984), Figs. 6-1 and 6-2. Adapted from Turco (1984). (Reproduced with permission from Van Nostrand 
Reinhold Co.)  
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concern over the effects of nitrogen oxides from supersonic aircraft, which would opcrate i n  the 
stratosphere, or from the detonation of nuclear weapoi1s. It W ~ S  only somcwl-iat later that this 
concern was extended to the effects of chlorine.) It IS now generally rccognr~ed that the effects of a 

number of other trace gases should be considered along with those of thc CIXf in trying to 

understand whether continued use of the CL Cs may pose a sigiiaficant environmental threat 

,*.mong the more importaiil of t k  gases to be considered are the followtiijy, all nf whose 

cunrcfiirations appear to bc changing or to be subject to change by human xt Iv i t1zs 

COZ: Incrcascs 0,; increased COl decreases stratospheric temperatures, ‘fffecting ternpeiatuic- 
dependent rate constants and rcducing the importance of certxin O3 loss mechanisms 

N20: Decreases 0:; fource of the principal natural O3 destructiofi cyclc; the cycle may be 
augnizirted by NO, froin supwwnic aircraft if fiosvn above -- 17 k n i  or by increascd 
industrial or agr iciiltural production of NZO. 

NO,: Increases 0 3  if injected at lower altitudes, for example, by subsonic aircraft operating iil the 

upper troposphere and lower stratosphere. 

CH4: Increases 0 3 ;  CH4 reacts with chlorine and wit11 110, in both case3 diminishing the chlorine- 
related destruction of 03. 

Wuebbles, Luther. and Penner (1983) considered the combined effects of these gases (excluding 
CH4) and the C W s  listed in Table 1 undci reasonable assurnpiionr concerning their fiitirre rates of 
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release to the atmosphere or their concentrations in the broposphere. Their results are summarized 
in Fig. 7 for the standard CI,C emission scenario (conkinued constant emissions at 1980 levels). 
Qther key assumptions are as follows: 

1. Increase in N20 concentration at 0.2%/year, from 288 ppbv in 1960 to 381 ppbv in 2100. 

2. Altitude-dependent NO, emissions from aircraft, injected between 5 and 21 km, increasing as a 
function of time until 1990 and constant thereafter [tabulated in Table 1 of Wuebbles, Luther, 

and Penner (1953)]. 

3. The CO2 concentration as a function of time is assramzd to be 

[ C 0 2 ]  == 280 + 27.4 exp[0.03318(t - 1958)] for 1358 d t S 1979 

and 

[CO,]  = 335 exp[0.00§6(t - 1979)l for 1979 d t d 2100. 

4. No change in CH4 concentration is assumed. It may be noted that doubling CH4 concentration 
in the model atmosphere would increare the total ozone by about 2% (Wuebbles, Luther, and 
Penner 1983). 

The calculations of Wuebbles, Luther, and Penner include all the compounds listed in Table 1 of 
this report. 

More recent calculations by Wuebbles (WMO 1986), reflecting continuing evolution of models 
and data, show a somewhat smaller effect for C 0 2  than is indicated by Fig. 7, but confirm the 
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impnrtanl positive contribution of CH4. The essential conclusion is the same: the cornbincd effect of 
other trace gases whose concentrations are changing as a result of human activities can 
suh%tantially offset the depletion of o ~ o n e  caused by Clcls in the case of constant emissions at 
present rates. The precise extent of this offset is impossible to predict, because of large uncertainties 
regarding the fiitiire concentrations of these other trace gases. 



5. NATURAL VARIATIONS IN ATMOSPHERIC 
OZONE CONCEIV’IRATIONS 

Ozone concentrations in the atmosphere are by no means uniform. In addition to the well- 
established systematic variations with altitude, latitude, and season, there are substantial short-term 
fluctuations in ozone density associated with atmospheric transport processes and arising from the 

highly nonuniform distribution of ozone production (Le., predominantly at low latitudes and high 
altitudes). In considering the consequences of long-term alterations in azone Concentration, it may 
be worthwhile to bear in mind these substantial natura! variations. 

Figure 8 shows total column ozone density (integrated over altitude) as a function of latitude 

and season.* The total ozone density is much higher at high latitudes than near the equator and has 

*A similar distribution, resulting from measurements made with the Nimbus 7 total ozone 
spectrometer, is given by Bowman and Krueger (1985). (1  atm.cm = 1 cm thickness at 
temperature and pressure.) 

mapping 
standard 

Month 
Fig. 8. Zonaliy averaged total ozone as a function of latitlade and season. Source: Maceracken and Chang 

(1975), Fig. A-6, constructed by Dutsch (1971) from data by London (1963) and Sticksel (1970). (Isolines are 
in atm.cm.1 
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an annual peak at about the time of the spring equinox. The patterns are somewhat different in the 
two hemispheres; the annual maximum in the Southern Hemisphere comes at 50-68"s latitude, 
while in the Northern Hemisphere the maximum occurs close to the pole. 

Figure 9 shows the zonally averaged ozone concentration ( is . ,  averaged over longitude) versus 
latitude and altitude for a particular date (March 2 2 ) .  As was already apparent in Fig. 6 ,  the 
absolute concentration of ozone varies by about an order of magnitude over the lower 20 kni of  the 
atmosphere, being nearly ten times higher at 22 km (about 50 nbars) than at 5 km (about 500 
mbars). The mixing ratio (mole fraction) varies by more than two orders of magnitude, from about 
30 ppbv near the surface to nearly 10 ppm at 33 km. 

Figure 10 (adapted froin Fig. 8) shows the seasonal variation in zonally averaged total ozone for 
three different latitudes in the Northern Hemisphere. Both the annual average and the amplitude of 
the seasonal variation are larger at higher latitudes. 

All of these features of the ozone distribution have been established for many years, based 
mainly on data gathered at some 30 permanently established ozone monitoring stations around the 
world (but mainly in the Northern Hemisphere and all on land). In recent years, observations from 
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Fig. 10. Seasonal variation in zonally averaged total ozone for three different latitudes. Source: Adapted 
from Fig. 8. 

instrumented satellites, based on backscattered uv light and on the atmospheric transmission of ir 
radiation, have made possible an almost continuous monitoring of total ozone over a major part of 
the earth's surface. Figure 1 1  illustrates the kind of detailed data that have become available as a 
result of this new and powerful tool. It is interesting to note total Q Z O ~ ~  variations of as much as 
35% over a ten-day period (e.g., 40"S, 20"E, June 13 to 23, 1949). Of course, these short-term 
fluctuations are of less relevance to the present discussion than are the long-term averages. 

Of course, the uv intensity at any point on the surface does not depend only on the total ozone 

column density over that p i n t .  Additional large variations in uv intensity are introduced by the 
higher average insolation at low latitudes and also by the slant angle through which the light must 
penetrate the atmosphere at  high latitudes. All of these factors favor higher uv intensities at  low 
latitudes. 

It should be pointed out that 2-D models of atmospheric chemistry, while generally confirming 
the results of 1-D calculations of 621-related ozone depletion, do indicate a latitude and seasonal 
dependence for the percentage reduction in total column ozone, the depletion being larger where 0, 
concentrations are already higher, that is, at higher latitudes and in the spring season (Pyle 1980; 
Borucki et al. 1980). 
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6. EFFECTS OF OZONE DEPLETION AND 
INCREASED UV RADIATION 

6.1 UV RADIATION AND BIOLOGICAL RESPONSE FUNCTIONS 

The biological effects of uv radiation have been extensively reviewed by the National Research 
Council in the series of reports already referred to and especially in the last two reports of the 

series (NRC 1982, 1984). However, a quantitative assessment of the effects remains elusive, and no 
firm guidelines can yet be identified to suggest how inuch reduction in total column ozone is “too 

much.” 
The radiation of greatest concern lies in the wavelength interval from about 290 to about 

320 nm, often referred to as uv-B. Both the transmittance of the atmosphere for uv radiation and 
the biological effects of uv radiation are very steep functions of wavelength in this range. The 
intensity of uv light reaching the earth’s surface is more than four orders of magnitude less at 
290 nm than at 320 nm, while the biological sensitivity (ie., the damage potential) is some three 
orders of magnitude greater. This is well illustrated in Fig. 12. Figure 12 shows three curves for the 
relative intensity of uv light reaching the surface; these correspond to a normal ozone shield density 
(i.e., a total layer thickness of about 3.4 rnm if all the ozone in the atmosphere were spread on the 
surface at standard atmospheric temperature and pressure), a 53% reduction of total ozone, and 
complete absence of the ozone shield, Also shown are three sensitivity curves, or response functions: 
one for human sunburn (erythema), one for damage to DNA, which is believed to be relevant to 

the frequency of skin cancers, and one for the Robertson-Berger uv meter, an instrument to 
meamre relative uv intensities at different locations. 

It is clear from Fig. 12 that thc change in uv intensity at the surface that would be caused by 
a reduction in total column ozone is also a marked function of wavelength. This is further 
illustrated in Fig. 13, which shows the factor by which the uv intensity would be increased by a 
53% reduction in total ozone. Also shown in Fig. 13 is the ratio of the Robertsorn-Berger meter 
response to the DNA response (often called the DNA Action Spectrum, but including here a factor 
for the uv transmittance of human epidermis). 

The total response of the measuring instrument or of a biological system is the integral over 

wavelength of the product of the uv flux times the response function, that is,  

1) -I $ +(A> R(X)dX , 

where X is the wavelength of the radiation, 4(X) is the uv flux intensity, and R(h) is the response 
function. 

The integrand in  this expression, the product +(A) R(X), is plotted in Fig. 14 for two uv 
spectra (the normal spectrum, with 3.4 atm.mm of ozone, and a perturbed spectrum, with 
1.6 atni-mm of ozone) and for two response functions (the DN.4 Action Spectrum and the 
Robertson Berger meter response). (The normalization of these products i s  arbitrary; our concern 
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from Bcrgei, Robeiston, and Davnes (1975).] Reproduccd from NRC (1982), Fig 2 2 

wi!l be for the ratios of tlie integrals with different amounts of atmospheric ozone.) Three points 
may be noted: 

1. Thc inteerands are strongly pcaked, indicating the narrow range of wavelengths pertinent to this 
discussion. 

2. For the DN,4 response, shorter wavelengths are more important than for the Robertson-Bcrgcr 
meter. 

3. The ratios of the integrals for the perturbed and norriral uv spectra are diffcrent for the two 

respoilse functions; that is, when the DNA response is considered. the response for the perturbed 

uv spectrum is 3.8 times larger than for the normal uv spectrum, as compared with a ratio of 
1.6 whcn thc response of the K G ~ C X ~ S O ~  Ccrgei meter is uscd. 
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Fig. 13. Ratio of uv fluxes at the surface fQr two different ozone densities and ratio of response functions 
versus wavelength. Source: Adapted from Fig. 12. 

A common rule of thumb has been that a 1% decrease in total column ozone would produce a 

2% increase in damaging ultraviolet (duv), but it has been well recognized that the factor 
[(percent age increase in duv) divided by (percentage decrease in ozone)]-sometimes called the 
Radiation Amplification Factor (RAE)- depends very niuch upon the particular response function 
chosen. Gerstl, Zardecki, and Wiser (1981) showed that the KAF is also a function of latitude and 
season. For a 10% reduction in  total ozunc, they foiind RAF values of 2.1 -2.5 for erythema and 
2.8 3 0 for DNA. However. the DNA response function used by Gcrst? et al. (1981) (essentialjy 
that of SetEow 1974) does not include the skin1 transmission factor that is included in curve a of Fig. 
14, It therefore weights the shorter wavelengths (290 300 nm) somewhat more, leading to a 
larger RAF. Allowance for the skin transmission factor reduces the RAF about 10% (Le., to about 
2.5). We therefore assume in this study that a 10% reduction in mane would produce a 25% 
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increase in duv. [It should be noted that the RAF, referring always to the same initial ozone 
amount, necessarily increases with increasing ozone depletion: that is, for 10% ozone deplction, the 
RAF is about 2.5; for 20% depletion it is about 2 8 (Le., 55  60% increase in duv) and for 30% 
depletion about 3.2 (Le., 100% increase in duv)]. 

The follov:i!ig discussion of the biological effects of uv radiation is based mainly oil the 
extensive reviews given by the NRC. especially irn their 1982 and 1984 reports. We consider the 
effects on human beings, on plants, on dorneslic animals, and on marine biota. 

4.2 EFFECTS OF IJV ON HUMAN BEING§ 

Concern over the possibility of increasing uv intensity is focused mainly on the inciderlce of 
skin cancer. These cancers are of three principal type$: ( I )  basal-cell carcinomas, (2)  squamous- 
cell carcinomas. and (3) melanomas. 

In the United States, the incidence of nonmslanoma skin cancers is around 208-400/year per 

100,000 people and is confined almost entirely to light-skinned people. These carcinomas are rarely 
fatal (about 1 in 100 cases). The incidence of mclanomas is much less, roughly 7/year per 100,000 

people, but about one-third of the cases result in fatality. Thus the overall mortality rates for 
melanomas and for xionimlanoina <kin cancers arc comparable. Ultraviolet is clearly implicated in 

the incidence of nonmelanornd skin cancers. Indeed, it is believed that more than 90% of these 
cancers are causcd by exposure to sunlight 

Annual total IIV intensity varies more than a factor of 2 over the United States. This is shown 
in Fig. 15, which shows thc total response of a Robertson Rerger uv meter, integrated over one 
year at representative locations throughout the country. Not counting thc Mauna I oa station, the 
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Fig. 15. Annual uv measurement, by latitude, 1974 a d  1978. The uv radiation index is total 
Robertson Berger meter counts over a one-year period multiplied by (preliminary monthly averages 
provided by Daniel Berger of Temple University for the 1978 estimates). The meters read uv-B between 290 
and 320 nm, as well as some uv-A. [Modified from Scotta, Fears, and Fraumeni (1982).] Reproduced from 
NKC (1982), Fig. 5.3. (Reproduced with permission from the W. B. Saunders Co.) 

range of variation is from about 100 in Seattle to about 225 in El Paso. (The units may be 
considered to be arbitrary.) 

The incidence of nonmelnnorna skin cancers is strongly correlated with latitude, as shown in 

Fig. 16; it varies more than a factor of 2 from north to south. By comparison (Fig. 161, the 
incidence of a11 other cancers is essentially independent of latitude. 

The NKC has correlated the incidence of basal-cell, squamous-cell, and rnelanoina skin cancers 
with IPV index (thz total aiariaial uv intensity as measured by a Robertson Berger meter) for white 

males and for white females iia the United States. The correlations are shown in Fig. 17 and 18. 

Note that the data are fitted 10 straight liner on :I semilog plot, that is, y = a exp(bx), where y is 
the incidence d skin caticers and x ts  the uv index. A characteristic of this particular functional 
form is that the logarithmic derivative OF y with respect to x i s  proportional to x ,  that is, 
( d y / y )  -: ( d x / x )  -- hx,  which, as noted, varies more than a factor of 2 over the 
coterminous stntes. 
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Fraaameni (1982)l. Reproduced from NRC (1982), Fig. 5.4. (Reproduced with permission from the W. Fa. 
Saunders Co.)  

There seeins to be no theoretical reason for selecting an exponential model for correlating the 
rathei widely scattered data (other than the convenience of making a linear least-squares fit of In y 
versus XI. It seems to us that the data might almost as well have been fitted by a power-law 
relation, y = axb,  for which the logarithmic derivative is ( d y / y )  f ( d x l x )  = b (Le., a 

constant). 'I'hns the latitude dependence of the sensitivity (here defined as the fractional change in 
incidence versus the fractional change in uv index) which was noted in the N K C  reviews (e&, 
NKC 1982) rriay be open io que-t' ion. 

It is  generally believed that the DNA Action Spestrum is a better representation of the 
effectiveness of uv light in inducing skin cancers than is the response function of the 
Robertson-Mcrger meter. As pointed out by the NRC, the ratio of DNA :csponse (Le., the DNA- 
weighted uv spectrum) to Robertson -Rerger meter response  ill change differently with latitude 
than with decreasing ozone concentration. Thus the question of how much the incidence of skin 
cancers wo3ld increase for a given percentage decrease in total c o l ~ m n  ozone density iema.ins rather 
elusive. The NRC (NMC 1982) has estimated that, for a 1 %  dccrease in ozone, the incidence of 
basal-cell carcinomas (currently accounting for about 80% of all skin cancers in the United States) 
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Fig. 5.5 .  
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incidence rates for sbina e~~~~~~ (SEER data, 1973-1974) ~~~?~~ white 
s) andl males (closed ~~~~~~~~, ~~~~r~~~~ to o~pe-year’p. uv ~ ~ ~ s ~ ~ ~ ~ e ~ ~ s  at selected areas of 

the United Stat=* The uv radiation index i s  the total Robertson-Berger mater counts over a one-yeas p e r i d  
inuitipled by The meters read uv-B between 290 and 320 nm, as well as some uv-A. (J. Scotto, National 
Cancer Institute, personal communication, 1981.) Reproduced from NRC { 19821, Fig. 5.7. 

would increase between 2% and 576, depending on latitude; for squamous-cell carcinomas (<20% of 
total incidence), the estimates are about twice as large. These estimates were obtained with the help 
of the exponential model, with its inherent latitude dependence, as noted above. 

In view of the difficulty of determjtiing the sensitivity factors more precisely, we assume for 
purposes of this study a sensitivity factor equal to 4-5; that is, a 1% decrease in total ozune would 
produce roughly a 5% increase in the incidence of normelanoma skin cancers, all other factors 
being equal. 

For melanoinas, the situation i s  much less clear. Although i t  seems likely that exposure to 
sunlight is a contributing factor in the iwidence of at least some types of melanomas, the evidence 
is confusing and often conflicting. There is  no doubt that the incidence of malignant nielanonas has 
been increasing rapidly worldwide over the past half-century. However, the role of uv radiation is 
not yet clear and there is no adequzte basis, at present, f ~ r  projecting an increase in incidence of 
melanoanas as a result of decreasing total column o ~ o ~ i e  density 

There i s  growing evidence (NRC 1984), primarily from small-animal studics but also from a 
few ob~e~vations on human subjects, that exposure to uv radiation can modify the immune respmse 
system and may impair the body’s ability to react to certain kinds of insults. This raiscs the 
yus5ibility that the effects on humans of long-term exposure to uv-B could zxtend beyond the 
incidcrm of skin cancers. However, the implications of thc evidence available thus far are still far 
from clear. 

At thc end of this dlv,ussion of the effects oil people which might follow frons d reduction in 
the o m m  shield, the fact remains that much dtpciId\ on individual bahavior. AS obseived by the 

NWC (NRC i982), excellent siinscreens arc dvaifable v h k h  can reduce 11v intensity at the skin by 

as much as a factor of 10. Avoidawe of c x p o ~ ~ r c  to surrlight during a few hauls around midday 
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can also diminish total uv exposure by much larger factors than the factors of increase that might 

result from any anticipated depletion of ozone. 

6.3 EFFECTS OF UV ON PLANTS 

It seems clear that uv-B inhibits photosynthesis and damages plants in various ways. However, 
the damage can be at least partly repaired by uv-A (320-400 nm) and by visible light (400 to 
700 nm). Experiments conducted in growth chambers with high intensities of uv-B but with much 
lower than ambient levels of visible light may, by not providing the opportunity for these repair 
mechanisms to operate, lead to serious overestimates of the damage to be expected from increased 
uv-B intensities. Also, some plants appear to have compensating mechanisms for adaptation to 
higher levels of uv-B, for example, by production of epidernial pigments that absorb uv. Plants of 
the same species growing under very different ambient uv intensities (e.g., at low altitudes in high 
latitudes or at high altitudes in the tropics) are found to have very different amounts of these 
pigments-enough, in general, to produce roughly comparable levels of uv beneath the epidermis. Tt 
may be noted that there is a sevenfold variation between the equator and 70" latitude in the total 
daily dose of uv (weighted by the DNA Action Spectrum) when measured at the time of seasonal 
solar radiation maximum. The variation in total annual uv dose is even larger. 

According to Teramura (19861, over 200 species of plants have been screened for uv sensitivity 
and two-thirds of thew were found to be sensitive in various degrees. Among the most sensitive are 
peas, beans, squash, melons, and cabbage. Most of the evidence is based on indoor experiments, 
subject to the difficulty mentioned above. Only a few field experiments have been done and 
extensive data are available only for soy bean, which apparently is among the most sensitive plants 
tested so far. For uv intensities corresponding to a 25% reduction in total column ozone, reductions 
in soy bean yield up to 20-25% were found. Crop quality (oil and protein content) was also 
diminished. Yield reduction also depends on other conditions, such as the amount and distribution 
of rainfall and is less for some cultivars than for others. 

The question of possible adaptations and compensating adjustments over long periods of time is 
an important one but seems still to be largely a matter of speculation. 

The effect of increased uv intensity on the unmanaged biosphere is even less clear, although it 
is expected that interspecies competition would be affected. 

On balance, it is not clear that small increases in uv intensity, such as might accompany a few 
percent decrease in total ozone, would present any significant problems for plants. 

6.4 EFFECTS OF UV ON DOMESTIC ANIMALS 

There does not appear to be a problem for domestic animals associated with any expectable 
increase in uv. Ultraviolet light i s  probably implicated in eye cancer in White-faced Hereford cattle, 
but the incidence of this disease is low. The NRC appears to discount any threat to animals (NRC 
1982). 

S OF UY ON MARINE BIOTA 

Ultraviolet light i s  absorbed in seawater mainly by colored matter in the water. This matter is 
apparently primarily of plant origin and is brought to the sea mainly by rivers. It is more 



concentrated near the continental shelves than in the open ocean far from continents; that is, uv 
absorbtion is strongest in regions of the ocean that are most productive of marine life. 

'The uv absorption lengths vary greatly from place to place, but a typical value, within a factor 
of 2 either way, would be on the order of 1 m (for attenuation by a factor e ) .  

Ultraviolet effects on phytoplankton would be largely confined to R surface layer on the order 
of a meter thick; the effects would be small when integrated over the whole layer in which 
photosynthesis occurs. 

It is known that fish larvae (e.g., anchovettes, the larvae of anchovies) are very sensitive to uv 
and may be seriously or fatally damaged by exposure to al~ove-ambient levels of uv. However, the 
usual distribution of these organisms is over depths much greater than the uv can penetrate; small 
variations or adjustments in this distribution would compensate for a significant fractional increase 
in uv intensity at the surface. 

Worrest (1986) pointed out that many aquatic organisms exhibit a threshold tolerance for iiv 

radiation (actually both a dose-rate threshold and a total dose threshold) and that most of these 
organisms, especially in their larval stages, seen under prescnt conditions to be operating close to 
those thresholds. Above-threshold doses result in greatly increased mortality. In latitudes where 
daily uv fluence increases greatly from winter to summer, thc. larvae of late-spawning species 

exhibit a correspondingly higher tolerancc than those of early-spawning species. W'srresl also 
pointed out that vertical mixing near the surface of the ocean can afford a significant degree of 
protection. Model calculations show that the extent of that protection (mcasured in reduced 
mortality) depends both on the depth of the mixed layer and on the postulated increase in uv 

intensity. For large increases in uv, mixing can increase mortality by increaqing the number of 
individuals exposed to above-threshold doses (Worresi 1986). 

It was estimated that for a 10% reduction in total column 070ne about 8% of the annual larval 
population in the whoEe water column would be killed by the direct effects of increased uv, wit11 the 
possibility of additional losses due to indirect effects such AS: diminished food supply. 

It is well recognized, however, that uncertainties related to ecosystem dynamics are much 
greater than those related to uv effects on individuals. Organisms normally reproduce far beyond 

the minimum levels required to maintain their populations. Thus, the extent of the potential 
damage to marine biota arising from some increase in IIV intensities is far from clear. There should 
probably be no great concern for the consequences of a few percent reduction in ozone, that is, up 

to a 20-30% increase in uv. 

6.6 HOW MUCH OZONE DEPLETION IS 'I'OO MIJCM? 

In summary, we have no clear basis for sctting R practical limit on an "aceptable" inaeasc in 
uv intensity at the earth's surface and hence on the decrease in 0 7 o m  that might be accepted 
without alarm. In  the absence of any such clear hasis, I aSsiirne that a reduction of total ozone of 
5 IO%%, giving rise to an increase in uv intensity of some 10-258, w d d  iiot produce effects of 
sufficient rnagnitade or severity to stimulate a0 effective carnpaigli for the reduction of CLC 
emissions. I suggest the following highly tentatiw guidelines: 

e 5% 070ne reduction 
10% o ~ o i i e  reduction 

0 20%  zone reduction- probably unacceptable; and 

0 30% o7me icduction 

probably acceptable; 
possibly acceptable; 

almost certainly irnacceptabk. 
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I concede that these "guidelines" are quite speculative and are likely tv be controversial. 
Nevertheless, they do summarize my present perspective on the question posed in the heading of 

this section. "Wow much ozone depletion i s  too much?" It is my belief that these suggested 
tentative guidelines are probably on the conservative side. That is, i t  seems unlikely that a 5% 
reduction in total Q Z O ~ F  (roughly a 12% increase in DNA-weighted uv inten3ity) will be found to be 

"unacceptablle," while there i s  a rather higher probability that an o ~ o n e  reduction greater ehac 10% 
(corresponding to roughly a 25% increase En uv), after adaptations and behavioral charlges are 

taken into account, will be found to be "acceptable However, in this report we shall explore the 

implkaticsns cf the assumprion that 3 5 10% reduction in omoe is  acceptable but that a reduction 
2-3 times larger i s  unacceptable. 

We should not lose track of a point ins& earlier, namely, that a 5% reducticarr in total C ~ ~ U T I N I  

ozone, though perhaps not considered serious in terms of uv effects, will apparently still. be 
accornpan ied by a 40-50% reduction in oione concentration ini the middle-to-upper stratosphere 

(Le., in the neighborhood of 40-km altitude). Since the temperature structure of thc stratosphere 
depends very much on the absorption of uv radiation by ozone and since the stratosphere plays a 
significant, though not completely understood, role in determining climate patterns on earth, one 
must view with some concern the prospect of large reductions of upper-stratospheric ozone. 





7. SCENARIOS FOR FUTURE RELEASE F ~ H L O R ~ A R B ~ ~ S  

For purposes of discussion and of comparison among results obtained by different groups and 

at different times, it has been customary to report the estiinated total column 5zone depletion at 

steady state (t - co) for a shandard, reference scenario having continued constant releases of the 
various CLC compounds at ‘kurrent” rates. Since the emission rates, at least of 
CFC-11 and CFC-12, have remained roughly constant over the past decade (Fig. l),  these various 

results may, in fact, be reasonably compared without renormalization. 
Of course, there really is no reason to expect CLC releases to remain nearly constant in the 

future, and certainly not over the long periods of time necessary for achieving equilibrium. On the 
contrary, while CLC use as an aerosol propellant might reasonably be expected to decline,* other 

uses such as refrigerants and industrial solvents should surely be expected to increase, at least in the 
absence of controls. Wuebbles, MacCracken, and Luther ( 1984) proposed the following three 
scenarios for future release of CFC-11, CFC-12, and six other CLCs (all releases remaining in the 
same proportions): 

1 .  constant release at 1980 rates; 
2. 3’7olyear increase from 1983 to 2010; constant release after 2010 at 2.248 times the 1983 rates; 

and 
3. 3%/year decrease from 1983 to 2010; constant release after 2010 at  0.445 times the 1983 rates. 

These scenarios were not intended as forecasts but were suggested to promote uniformity and 

facilitate comparisons among studies. Nevertheless, I have adopted them (numbers 1, 2, and 5 
respectively of the scenario list below) and have considered several others as well, with two 
considerations in mind: 

1. In the absence of controls, future CLC releases may well rise to levels greater than 2.25 times 
present rates. 

2. After some period of increasing CEC releases, it may be decided to cut down on CLC releases. 
We wished to explore the possible efficacy of various LLevasionn scenarios, representing possible 
future restrictions OR the use (or release) of CLCs. Because of the very long atmospheric 
lifetimes of CFC-11 and CFC-12, a reversal of growth even several decades from now might be 
expected to reduce significantly the maxiniuni atmospheric concentrations of these compounds. 

In each of the scenarios, only two compaunds are considered explicitly: CFC-11 and CFC-12. 
However, as will be explained in Sect. 8, the contributions of other compounds are implicitly 
included as a result of the procedure adopted for estimating the depletion of ozone. It is assumed in 
all scenarios that CLC emissions vary with time in proportion to their relative 1980 emission rates. 

*After decreasing by 50% or more from 1976 to 1982, CFC use for aerosols appears to have leveled off 
and may be slightly increasing ag:iin (CMA 1985). Certainly the CFCs can be more easily substituted for in 
this application than in other major applications (NRC 1979a); future trends are difficult to foresee. 
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1. 

2. 

3. 

4. 

4a. 

5. 

The following scenarios are considered in this study: 

The “standard,” reference scenario: constant emissions at 1980 rates, continuing into the 
indefinite future. (This is the central scenario of Wuebbles, MacCracken, and Luther 1984.) 

A 3%/year increase in emissions from 1983 to 2010; constant emissions thereafter at 2.248 
times the 1980 rates. (This is the “high” scenario of Wuebbles, MacCracken, and Luther 
1984.) 

A 3%/year increase in emissions from 1983 to 2033; then constant emissions at 4.48 times the 
1980 rates. (This just doubles the steady-state emission rates of case 2.) 

A 3%/year increase in emissions from 1983 to 2000, a 5%/year increase from 2000 to 2020, 
and then constant emissions at 4.527 times the 1980 rates. (This reaches the same level as 
case 3 but does so sooner. It conforms closely over the next few decades to a hypothetical 
scenario for future C I X  releases that may be derived from recent trends, as will be explained 

later.) 
The same as scenario 4 to 2020; then a decrease at 2%/year for t > 2020. (This i s  a first 

example of a “remedial” or Mevasion” scenario.) 
A 3%/year decrease in emissions from 1983 to 2010; then constant emissions at 0.445 times 
the 1980 rates. (This is the low case of Wuebbles, MacCracken, and Luther 1984.) 

These scenarios are displayed iu  Fig. 19, normalized to a valiie of m i r y  for the 1980 release rates, 
that is, 0.265 Tg/year* for CIC-11 and 0.412 Tg/year for CFC-12 (Wuebbles, MacCracken, and 
Luther 1984). Note: Emissions are assumed to he constant froan 1980 to 1983. Calculations were 
initialized in 1980 using tropospheric mixing ratios given by Wuebbles, MacCracken, and Luther 
( 1984). 

I t  should be noted that in scenarios 2, 3, and 4, growth in CLC emissions ceases abruptly at 
times not very far in the future (e.g., 2010, 2020) and at levels not very far above present levels 
(e g., 2.25 and 4.5 times the present release rates). It is entirely possible that at least the production 
and use of these extremely useful compounds (if not their actual release to the atmosphere) would 
continue to grow to much higher levels. Thus, these scenarios (e.g., 3 and 4) are by no means the 
highest that might reasonzhly be considered. However, if these prove to be potentially troublesome, 
we would need to look no further to conclude that some remedial actions might be required. 

The hypothetical situation referred to in scenario 4 is based approximately on recent trends 
arid is intended to suggest that roughly constant emissions from the mid-1970s to the carly 1980s 
and a resumption of growth in the 1980s constitute a consistent pattern. Wuebbles, MacCracken, 
and Luther (1984) point out that, while worldwide use of CLCs as aerosol propellants has declincd 
in recent years, their use for other purposcs has continued to increase They assert, on the basis of 
data gathered by the Chemical Manufactirrers Association, that ( in  the CMA reporting countries) 
aermol use declined from 56% of total CFC production in 19’36 to 34% i n  1982 (Wuebbles, 
MacCracken, and Luthcr 1984, p. 30). Combining these percentages with estimated production 
for those years suggests the simplified hypothesis that aerosol uses are declining (and night 
continue to decline) at lO%/year while nonaerosnl ures are growing (and might continue to grow) 
at 5%/year This leads to the following expression for recent and future CFC releases, relative to 
uni ty  in 1982. 

“ i  ‘ ~ g  - I teragram - i0I2grams. 
‘As mentioned in thc previous section, the latest CMA report on CFC production and sales (CMA 1385) 

shows that use of CFCs as aerosol propellants has leveled off (at a much lower l c - ~ ~ l  than  a decza.de ago) and 
may now be increasing slowly. I f  this trend continues, that would modify the picture only slightly so long as 
the growth rate for aerosol use is much less than for nonaerusol uses. 
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Fig. 19, CFC emission scenarios. 

y = 1.11i0.44 exp[0.05(t - 1976)] + 0.56 exp[-O.lO(t - 1975)]} . 

A comparison of this expression with actual releases of CFC-11 plus CFC-12 and with the 
scenarios for this study, as described above, is given in Fig. 20. 

The CFC emission scenarios described above, and in particular scenarios 2 4 ,  which were 

adopted at  the beginning of this study, turn out to be very much in harmony (out to the point 
where growth abruptly ceases in my scenarios) with emission scenarios developed by several 
investigators for the U.S. Environmental Protection Agency (EPA). These were presented at an 
EPA-sponsored workshop, “Protecting the Ozone Layer: Workshop on Demand and Control 
Technologies,” held in Washington, D.C., March 6 7, 1986. These scenarios suggest a probable 
range of growth rates averaging 2--S%/year over the next half century. The most likely growth rate 
suggested by these scenarios seems to be around 3%/year (averaged over the next 50 years), with 
a low (but nonvanishing) probability of growth at S%/year or more. Thus, my scenarios 3 and 4 
may be considered as representative scenarios over the next four or five decades, with scenario 2 on 
the low side (limited growth). A %/year growth scenario will also be considered here, in the 
context of possible remedial action scenarios. 

In addition to scenarios 1 5 above, I considered several. highly schematic “remedial-action” 
scenarios, with reversal of growth starting at various times and with the subsequent decreases 
proceeding at various rates. ’The purpose of these scenarios i s  to examine the dynamics of the 
substitution process in which techniques and technologies that would result in much lower (or much 
less harmful) CFC releases to the atmosphere may grduii Ily replace the preuent processw and 
practices whose continued use in the future is assumed in the  “no-regulation” scenarios presented at 

-. . . . . . . . I -_ 
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Fig. 20. One ~~~~~~~~~~~1 basis for projecting CFC emissions. Dashed curve follows the expression y = 
1 .1  110.44 exp[0.05 ( 2  - 1976)l + 0.56 exp[ --0.10 ( t  - 1976)]]. 

the EPA workshop. The intent here is to consider the effect of actions intermediate between a “do- 
nothing” policy and a “shut-everything-down-now” policy (which of course is impossible to carry 
out). In this way perhaps we can get a feeling for the timing and the rdpidity of suhstitutions that 
might be required in order to limit the environmental impacts of continued CEC emissions. 

The remedial-action scenarios considered fall into two groups. In the first group, which I refer 

to as “evasion” scenarios, a period of sustdincd growth of emissions at a constant growth rate (e.g., 
3%/year) is followed abruptly by a period of declining emissions, with a constant rate of decrease 
(e&, -l%/year, --Z%/year, -3P%/year). In the second group, which I refer to as “market 

penetration” scenarios, the replacement of the existing technologies (referred to as component A of 
the market) by substitute, nonpolluting technologies (component B )  is described hy a logistic 
function, in a manner to be dewribed below. 

The ‘*evasion” scenarios are all keyed to scenarios 2 and 3? with a 3%/year grcwth rate starting 

in 1983: 

3a. Continued 3%/year growth past 2033 (until 2080). 
3b.l. A 3%/year increase from 1983 to 2030; then a l%/year decrease starting in 2031, 
3b.2. A 2%/year decreasc starting in 2031. - 

9 3b.3. A 3%/year decrease starting in 2031. 
3c.l. A 3%/year increase from 1983 t9 2020; then a l%/year decrease starting in 2021. 
3c.2. A 2%/year decrease starting in 2021. 
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3c.3. A 3%/year decrease starting in 2021. 
* 2a.1. A 3%/year increase from 1983 to 2010; then a I%/year decrease starting in 201 1. 

2a.2. A 2%/year decrease starting in 201 1. 
* 2a.3. A ?%/year decrease starting in 201 1. 
* 2b.2. Follows scenario 2 to 2040; then a 270lyear decrease in emissions starting in 2041. 

These scenarios are illustrated in Fig. 21. They will simply serve to illustrate, in a very general way, 
the reduction in ozone depletion and in climatic warming that would result from moving from a 
period of growth in CFC emissions to a period of decreasing emissions. 

Of course, one would not expect such an abrupt reversal of growth actually to occur; the sharp 
cusps are to be viewed as simplified approximations to a more gradual transition from growth to 
decline, which would have to begin 10-15 years before the cusps in these idealized scenarios. It is 
this (unspecified) earlier date that must be visualized in judging when effective actions might have 
to begin to limit the maximum concentrations of CLCs in the atmosphere. 

In order to represent the dynamics of the substitution process in a little more detail, I have also 
considered a series of “market penetration” scenarios in which two technologies, or groups of 
technologies (the established group, component A, and the replacement group, component B) 
together supply the entire market. The market share, f, of the new component B is described, in the 

manner of Fisher and Pry (1970), by the logistic equation 
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Fig. 21. CFC emission scenarios with remedial actions (evasion scenarios). 
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If to is chosen as the time when component B attains a market share of 1%, then k = 0.01/0.99 = 

0.0101. We may characterize the rapidity of the substitution process by noting the time, T, in 
which the market share of the “nonpolluting” component B increases from 1 to 50%. This is given 

by 

T = ln99/b = 4.595/b . ( 2 )  

I assume that the total market, M = L4 + B, i s  growing at the constant annual rate r, that is, 
M = M ( t 0 )  exp ~ ( t  - t o ) .  Thus, the amplitude of component B is given by 

and that of the older component, A, by 

Equation (4) gives us the CFC emissions as a function of time in the market penetration scenarios. 
If 6 is larger than r ,  the annual CFC emissions, after first going through a peak, will eventually fall 

to zero (or some arbitrarily small amount). 
I have considered such market penetration scenarios with: 

market growth rate 

0.02, 0.03, 0.04, O.OS/year (2--5%/year) 
market penetration parameter 

0.08, 0.10, 0.12, 0.15, 0.30/year 
time for B to go from 1 to 50% market share (Eq. 2 )  
57, 46, 38, 31, 23 years 
time when B reaches 1% market share 
10, 20, 30, 40, 50 years after 1983. 

A small sampling of these scenarios, for 3%/year growth rate in the total market ( r  7 0.03/year), 
is shown in Fig. 22. 

In  order for such a formulation to be useful, one must have some feeling for the market 
penetration rates that might be achievable in practice, whether driven by ordinary market forces or 
by regulation. The chlorofluorocarbon market is of course very heterogeneous. The acroso! segment 
of the market (once the dominant scgment) can change very rapidly, as experience in the past tea 
years has shown The refrigeration and air-conditioning segment of the market is characterized by 
mature technologies and lay equipment with typical lifetimes of ten or twenty years. 1-he plastic 

foam segment and the electronic component segment of the market have no CFC customers at the 
retail level, but have a relatively small number of producers with investments in manufacturing 
facilities that are tied to specific processes. The National Research Council ( N R C  I979a, Tables 
6.4 6.22) has estimated the times likely to be required for “implementation” and for “full 

effectiveness” of various alternatives in each CFC application. Implementation times (analogous to 

the 1 %  market penetration time, to, i n  the prescnt study) weie estimated in most cases to be ‘ress 
than ten years, 10-20 years in a few cases, and more than 20 years, in a very few c a m  (e.g., 
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Fig. 22. CFC emission scenarios with remedial actions (market penetratioon scenarios). 

introduction of certain alternative refrigeration cycles). Times to full effectiveness (analogous to 
>>50% market penetration in this study?) were in many cases estimated to be less than ten years, 
in S O I ~  cases ten to twenty years, and in a few as long as thirty years. “Banked” CFCs (stored, for 

example, in closed-cell plastic foams) may continue to be released for many years; although these 
may prevent future CFC releases from being reduced to very low levels, they will become relatively 
unimportant if no further substantial deposits in the bank are being made. 

I adopt here what I believe to be a conservative view: that a time lapse of 40 years from 1 to 
50% market penetration is likely to be relatively easy to achieve for the aggregate CFC market 
(measured in terms of nonemitting versus emitting equipment and practices), that 30 years may 
also be considered a reasonable rndrket penetration time (1  to 50% market share), and that 

20 years may be considered to represent a rather tight schedule. Making use of Eq. ( 2 ) ,  one can 

relate these to the market penetration parameter, b, as follows: 

b (year -’) T( 1-50%) (ycar) 
_ _ _ I ~  I 

0.10 46 
0.12 38 
0.15 31 

0.20 23 

We shall see later what the implications of  these choices may be in terms of the required tinling of 
actions to limit atmospheric concentrations of CFCs, 
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1 aken togetliei, these two g r o u p  of scenarios-the "evasionn scenarios, with their abrupt 
change from growth to decline, and the "market-penetration" scenarios, with their gradual 
transition from growth to decline -will be referred to as "transition" scenarios. 'They represent 
various possibilities for the evolution of events following a decision to limit future CFC 
concentrations, with the actions to implement such a decision spread out over various lengths of 
time. 



8. PROCEDURE FOR ESTIMATING OZONE DEPLETION 

Having selected a few scenarios for future growth in the release of CLCs, I needed a procedure 
for estimating the depletion o f  atmospheric ozone as a function of time for each scenario. 1 did not 
ha*re a computational model of the relevant atmospheric processes, nor was it appropriate for this 
work to develop or acquire one. I therefore sought a procedure for interpolating or extrapolating 
published results for somewhat similar scenarios. The procedure adopted is as follows. 

A simple, one-box model of the troposphere was adopted and "calibrated" against projected 
tropospheric mixing ratios for CFC- L 1 and CFC-12 which were published by Wuebbles, 
MacCracken, and Luther (1984) for the standard scenario of constant emissions at 1980 rates. 
These mixing ratios were obtained by Wuebbles, MacCracken, and Luther with the Lawrence 
Livermore National Laboratory's (LLNL's) 1 -D atmospheric chemistry model. 

The simple model used here was just the solution of the balance equation 

= S ( t )  - aN , 
dt 

where N is the quantity of a compound in the atmosphere, S is the emission rate at time t ,  and a i s  
the removal probability per unit time. The solution for an exponentially varying source, 
~ ( t )  = sot?', is 

which can be initialized at any time when the concentration is known. This solution can be applied 
stepwise over intervals of exponential growth (e.g. ,  ,d == 0.03/year) or of constant emissions 

( P  = 0). 
Appropriate values of a are found independently for CFC-11 and CFC-12 by fitting the 

projected mixing ratios, y(t), given by Wuebbles, MacCracken, and Luther (1984) for the case of 
constant emissions (0 = 0) to expressions of the form 

y ( t )  = A [ l  - 1 .  --a( I --. to) 
e 

An initial fit yielded values of cu equal to 0.013/year and 0.00667/year for CFC-11 and CFC-12, 
respectively, and these values were used in the simple model to obtain the results given in this 
report, A subsequent, more careful fitting procedure, undertaken to verify the initial values, gave 
values of a = 0.0122/year and a = O.OO665fyear for CFC-11 and CFC-12, respectively. 
Normalized values of the mixing ratios given by Wuebbles, MacCracken, and Luther (1984) are 
compared in Table 3 and in Fig. 23 with values calculated with the above expression. As may be 
seen, an excellent fit to Eq. 7 may be obtained, especially over the interval 2050--2100. This is not 

8- 1 
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Table 3. Cornpapison ob relative mixing ratio snilues as given by Woebbles, 
MacCracken, and Luther (WML) (4984) and RS calcalmted vi& Eq. 3" 

Year 

2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2 100" 

00 

- CFC- 1 1 
....... ......... 

Equation 3 
~ 

WML 
valuesb 

a = 0.0122' a = 0.013d 
-_ ......... 

0.3601 0.3634 0.3451 
0.4350 0.4366 0.4235 
0.5005 0.5013 0.4924 
0.5583 0.5586 0.5528 
0.6097 0.6094 0.6058 
0.6546 0.6543 0.6523 
0.6940 0.6940 0.6931 
0.729 1 0.7292 0.7290 
0.7604 0.7603 0.7604 
0.7878 0.7878 0.7880 
0.8122 0.8122 0.8122 

1 .oooo 0.9858 

.- 
CFC-12 

.......... ........... 
Equation 3 

.......... ......... ___ WML 
valuesb 

a = 0.00665' cy = Q.00667d 

0.2085 
0.2592 
0.3067 
0.3512 
0.3928 
0.43 19 
0.4684 
0.5026 
0.5346 
0.5645 
0.5925 

0.2077 
0.2586 
0.3063 
0.3510 
0.3927 
0.43 18 
0.4684 
0.5026 
0.5 346 
0.5645 
0.5925 
1 .oooo 

0.2078 
0.2588 
0.3065 
0.351 1 
0.3929 
0.4319 
0.4685 
0.5026 
0.5346 
0.5645 
0.5925 
0.998 1 

...... 

'Normalized to 1.0000 for t = co for the hest fit obtained for each compound. 
bWuebbles, MacCracken, and Luther (1984), p. 45, Table 6. 
'Rest fit. 
dValue used in simple model for computations reported in this study. 
'An exact fit was imposed at the year 2100, the last year in the WML projection. 
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surprising, since, for the simple case of constant emissions, the results obtained with the detailed 
LLNL model should be very nearly of the form of Eq. 7, despite the fact that the real situation (as 
approximated by the LLNL model) is rather more complicated than the simple model represented 
by Eq. 5 (e.g., with recirculation of gases between the stratosphere and the troposphere). The sole 
purpose of this fitting procedure i s  to obtain appropriate values of 0: for CFC-11 and CFC-12 for 
use in the simple model to obtain tropospheric inventories for our various scenarios. The other 
parameters of the fit, to and A, do not appear explicitly in applications of the simple model, being 
replaced by appropriate values of So and the stepwise initial times for various segments of each 
scenario. Only the derived values of a for CFC-I 1 and CFC-12 are carried over to the calculations 
for the scenarios considered in this study. 

It may be noted that the values of a determined in this way imply atmospheric lifetimes 

somewhat longer than those listed in Table 4 of Wuebbles (1983) but perhaps more in keeping with 
those suggested by the Atmospheric Lifetime Experiment ('4L.E) (Drinn et al. 1983a; Ciinnold et ai. 
1983a, 1983b). These differences arise in part because of differences in the diffusion parameters 
used in the various calculations. In any case, the lifetimes are not yet very well known. The 
essential point is that, with the values of N used here, our simple model reproduces very well the 
CFC-I 1 and CFC-12 concentrations projected by the LLNL model (Wuebbles, MacCracken, and 

Luther 1984). 
The depletion of stratospheric ozone will, of course, not depend directly on the tropospheric 

CLC mixing ratios but on the odd chlorine (CL,) concentrations in the stratosphere, for which the 
tropospheric C1,C eoncentrations merely provide the source. To establish a link between the 
tropospheric CLC concentrations and stratospheric ozone reduction, we make further use of the 
Livermore work, as follows. 

Wuebbles and Chang (1982) estimated the relative effectiveness of the various CLCs for 
destroying stratospheric ozone (as reported in Wuebbles 1983). The values given are per unit of 
mass of cornpound emitted, that is, the emission rate, not per iinit of mass retained in  the 
atmosphere. Thus the relative efficiencies quoted by Wuebbles ( 1983) apply only at equilibrium; at 
short times (e .g7  over the next several decades), short-lived compounds will be relatively more 
effective, compared to longer-lived compounds such as CFC-11 and CFC-12, than Would be 
indicated by the asymptotic relative efficiencies estimated by Wuebbles and Chang ( 1982). At 
equilibrium, for the case of constant emissions, the tropospheric inventories are directly proportional 
to the emission rates and inversely proportional to the loss coefficients, at, that is, 

Thus, relative ozone destruction efficiencies per unit of inventory can be deduced from Wuebbles' 
and Chang's (1982) efficiencies per unit of source strength, 

where y i  is the relative efficiency per unit of inventory (= 1.00 for CFC-11); ci is the relative 
(asymptotic) efficiency per unit  of source strength given by Wuebbles and Chang (1982) (= 1.00 
for CFC-11); and ai is the loss coefficient for compound i (=8.013/year for CFC-11). With N = 

0.00667/year and t = 0.86 (Wuebbles 1983) for CFC-12, we find yI2  - Q.44. 
WE calculate the tropospheric inventories of CFC-11 and CFC-12 (from Eq. 6) and obtain 

the weighted, combined total tropospheric CLC inventory, M 5 m(CFC-11) + 0.44 m(CFC-12), 
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which we then normalize tu a value of 1.00 for the standard scenario (constant emissions) at  h --F 

co, that is, the steady-state value, This norimiliation procedure has three distitact purposes: 

1. It allows for the fact that estiniatcs of omne depletion, obtained with lhe best available models, 
have been changing greatly from year to year. I thought it more likely that the xfot ive  QZOIX 

depletions for the various scenarios would remain valid, with further refinements in data and 
models, than that the estimated absolute value for any scenario (e.g., the standard scenario) 
would remain unchmged. 

2. It allows, in an approximate way (as will be seen later), for the apparent neglect in this work of 
contributions from other CECs (e.g., CC14, CFC-I 13, CW3CC13, CFC-22, etc.). which, together, 
if emissions of the various CLCs remain in the same relative proportions, may contribute 
roughly half as much to ozone depletion as do CFC-11 and CFC-12 together (Wuebbles 1983). 
Including the other compounds in this way may slightly distort the time dependence of the 
ozone depletion (the shape of the approach to equilibrium) but will not affect relative steady- 
state values for scenarios (such as those considered here) for which it is assumed that emissions 
of the various compounds remain in the same proportions, even though they change in absolute 
magnitude, Numerical experiments with up to six cornpounds (including CLC-1 P and GLC-12) 
suggest that this distortion is not too serious. 

3. it allows, in an approximate way, for consideralion of nonlinearities in the response of ozone to 
CLC emissions. 

Wuebbles (1983) presents results for ozone depletion as a function of time (out to the year 
210Q) for 18 different scenarios for future CLC releases; in all of  these, the relative releases of the 
eight compounds considered remained unchanged. Three of these scenarios (11, V, VU[) had 
constant emissions (at one level or another) after the year 2000. These three cases are 

* VIIT--- Constant emissions at 1980 rates. 

Q V A 3%/year growth in emissions until 2000; then constant emissions at 1.822 times the 1980 

Q I1 -A 7%/year growth in emissions until 2Q00; then constant emissions at 4.055 times the 1980 
rates. 

rates. 

Two other scenarios represented continued exponential growth from 1980 at 7%/year (case I)  or 
3%/year (case IV). The nonlinear response of the system is manifest in the fact that the calculated 
ozone reductions (Le., percentage depletion of total column ozone) at  long times are not 
proportional to the emission rates. This nonlinearity is illustrated in Fig. 24, which shows that for 
case 11 (for example) the total ozone depletion after 2075 exceeds the asymptotic ozone depletion 
in case VIiT (the standard scenario) by a factor greater than the ratio of their steady-state emission 

rates (indicated by .S’II/&~~& The nonlinear response is also stressed by Prather, McElroy, and 
Wofsy (1984) and is apparent again in calculations summarized in WMO (1986). 

‘To establish a link between ozone depletion and tropospheric CLC inventories, as calculated 
with the simple one-box miodd, I calculated the tropospheric inventories for CFC-I 1 and CFC-12 
for Wuebbles’ cases VIII, V, 11, IV, and I (Wuebbles 1983), using the emission rates given in 
Wuebbles’ Table 4 and values of a equal to the reciprocal of the atmospheric lifetimes given in 
Wuebbles’ Table 4. [’These differ from the emission rates given by Wuebbles, MacCracken, and 
Luther (1984) and from the tu’s deduced from their time-dependent tropospheric mixing ratios, as 
described above 1. I then calculated 
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where M I  I J  and  nil^., are the calculated ttopospheric inventories of CFC- 1 1 and CFC- 12, 
respectively, for case j (j VIII, V, 11, etc.) and 0.44 is the relative efficiency of CFC-12 for 
destroying ozone (per unit of mass in the troposphere, as described earlier). I then calculated 
relative combined inventories, 

where Mvrlr(t = 00) is the asymptotic, steady-state value for case VIII, the standard scenario with 
constant emission rates. I then obtained, from Wuebbles’ Table 3 (Wuebbles 1983, p. 1437), 
relative ozone depletions for each scenario, 

that is,  normalized to the steady-state depletion for case VIII. (Note that Wuebbles gives the 
steady-state depletion only for case VIII; for all other cases, ozone depletions are given only out to 
the year 2100.) I then plotted ( A 0 3 ) r c , , i ( f )  versus Mrel , j ( t )  for cases VIII, V, 11, IV, and I. This 
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Fig. 24. Rrhtive QZOM d@p!e.etioa for Woebbles’ Case I1 (~~~~~~~~~ 1983)’ illustrating nonlinear response. 
Points are Wuebbles’ data. Ordinate is normalized to 1.00 for the asymptotic ozone depletion for Wuebbles’ 
Case VIII,  the standard scenario with constant einissions at 1980 rates. 
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plot is shown in Fig. 25 and in Fig. 26 (plotted to a different scale). It may be noted that the 
correlation is remarkably good for all the cases except case I, which liar continued exponential 
growth at 7%/year. The deviation of A 0 3  For case I from the pattern estabiished by the other cases 

is perhaps to bs expected since, for this continued rapid growth, the stratospheric concentrations of 
the CLCs Bag further behind the tropospheric concentrations. d th-r~reffxe adopt the correlation 
between relative ozone depletion, ( A03),,lJ(t), and relative tropospheric inventory (weighted by 
relative ozone-destroying efficiency), Mrcl,j(t), that is established by cases W I I ,  V, 11, and W .  This 
correlation is well approxirnatcd by the third-order polynominal, 

where 

y = (A03)rel, 

x = W e b  

a = 0.648, 
b = 0.370, 
c = ---0.018. 

5 

4 

3 

- 
? - 
c) 

0 
a 

2 

1 

0 

y = ax + b X 2  1- C X 3  , (8) 
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Fig. 25. Relative ozone depletion versus relative weighted CFC masses in the troposphere for Wuebbles’ 
Cases I, 11, IV, V, and VIiI (0 d MmI 6 3). (After Wuebbles 1983.) ‘The curve follows the expression y = ax 
4- bx2 + cx3, with coefficients given in the text. 
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epletion versus relative ~ ~ ~ ~ ~ s ~ h ~ ~ ~ ~  CFC mass (0 6 Mre1 4 5). The curve follows 
the expression y = ax + bx2 + cx3, with the same coefficients as in  Fig. 25. 

This expression passes through the points (0,O) and ( 1 , l )  and provides a reasonable fit to the 
correlation over the range x 65, y 610. 

Note that only CFC-11 and CFC-12 were explicitly considered in obtaining this correlation. 
However, Wuebbles' ozone depletion calculations considered all of the eight compounds previously 
enumerated. Thus the contributions of the other six compounds arc implicitly included in this 
correlation. The excellent correlation S ~ O W  in Figs. 25 and 26 was not neccssarily to be expected, 

however, it is gratifying and useful.* 
I n  applying this correlation to the various scenarios considered in this study, I normalized 

M,, , ( t )  to a valuc of 1.00 at I - 00 for the case of constant emissions defined in  Sect. 7 [and by 
Wuebblcs, MacCracken, and Luther (1984)l. This standard scenario is not quite identical to case 

___ .- .. .... ...... ___ 
* I t  should be noted that, for cases wi th  constant emissions at different rates, the tropospheric inventories 

and hence M,,, at steady state are proportional to the relative emission rates (relative to the present rates, 
representcd by scenario I ) .  Thus ,  Figs. 25 and 26 also givc the steadystate ozone depletion for cases with 
constant emissions at various multiples of the present rates. kor example, for constatit emissions (continued 
indefinitely) at three times the prcscnt rates, M,,: = 3 (at steady state) and (M)3)Ee,  .= 4.3. 
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VIII of Wuebbles 1983: The atmospheric lifetimes are somewhat different, and the relative 
emission rates of CFC-I1 and CFC-12 are also somewhat different. However, I wished to refer all 
ozone depletion values to the steady-state value for our standard (constant-emissions) scenario 
(Wuebbles, MacCracken, and Luther 1984). In order to do that and to use the correlation of A 0 3  

with M, as described above, it was necessary also to normalize the masses, hfrcl(t), to unity for our 
standard scenario at steady state ( t  - co). 

It may be noted that the main thing accomplished by use of this correlation is to represent the 
nonlinearity of the response of ozone depletion to increasing concentrations of CFCs in the 
atmosphere. The simplest such correlation would be a linear response, that is, (AQ3jrel = M,,. The 
cubic expression used in this study allows for some departure from simple proportionality. But the 
degree of nonlinearity in ozone depletion versus CFC concentrations is quite different in 
calculations performed with different models (WMU 1986), and hence must still be regarded as 
quite uncertain. Furthennore, the notion that the relative ozone depletion for various scenarios will 
be invariant to changes in the estimated steady-state depletion for scenario 1 i s  probably not 
correct; that is, model and data changes may produce changes in the expected nonlinearity of the 
response. Thus, the results obtained with the simple model described here can only be viewed as 
approximations to those that would be obtained with a particular atmospheric chemistry model, 

namely the LLNk 1-D model as reported by Wuebbles (1983). 

To recapitulate, the procedure for estimating the ozone depletion for the various scenarios 
considered in this study was as follows: 

Calculate r n l l  and ntI2, using the simple one-box model, with a’s deduced from the mixing ratios 

given by Wuebbles, MacCracken, and Ixther (1984). 

Calculate MJ(r) = mll  3- 0.44 tn12. 

Calculate Mre1Jz) = MJ(r) + Ml(oo). 

* Calculate (A03)re.,f(t) from the third-order polynomial y = QX + bx2 -t cx3, with 

values of a ,  b ,  and c as given above. 
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Results of these computations are displayed in  the following several figures. Figure 27 shows 
the tropospheric inventories of CFC-11 and CFC-12, in teragrams (10” g), for scenarios 1-3. 

Figure 28 shows the corresponding tropospheric mixing ratios in parts per billion, by volume. These 
scenarios have steady-state emission rates in the proportions 1, 2.248, and 4.482, and, because of 
the structure of the simple one-box model, the asymptotic mixing ratios of the three scenarios are 
also in these proportions. An important aspect of these results, which i s  known from other 
investigations, is the long time needed for the tropospheric mixing ratios to approach equilibrium 

levels, a consequence of the long atmospheric lifetir.es of these compounds. The dates when the 
mixing ratios would reach half of their asymptotic values are indicated in Table 4. 

- 

- 
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Fig. 27. Tropospheric inventories of G’FC-I1 and CFC-12 for scenarios 1-3. Solid curves: CFC-12 [ 1980 
inventory = 5.9 Tg (5.9 x 10I2g)J; dashed curves: CFC-I1 (1980 inventory = 3.6 Tg). 
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Fig. 28. ' r ~ ~ ~ ( ~ ~ p h ~ r ~ c  ~ i ~ i n g  ratios of GFC-11 and CFC-12 for scenarios 1-3. Solid curves. CFC-12 (1980 
mixing ratio, -0.29 ppbv); dashed curves: CFC-I I (1980 mixing ratio, -0.16 ppbv). 

Table 4. A p ~ ~ ~ x ~ ~ a i ~  dates for reaching half ob asymptotic values 

Tropospheric mixing ratios 

Scenario Mrcl (AO,),, 

1 2020 2068 2045 2061 

3 2060 2108 2085 2120 

CFC- 1 1 CFC- 12 
-~ 

2 2039 2088 2065 2095 
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Also shown in  Table 4 are the times when Mr,, (the weighted, combined tropospheric 
inventory) and (hQ3)rz, (the normalized, reldtirle ozone depletion) reach h d f  of thek asymptotic 
values. CFC- 12 take5 longer than WC-11 because of its longer atmospheric lifetime; ( A03)rc, takes 
longer than lkP,,l because of the notilinearity discussed in the previous section. The dates are later 

for scenarios 2 and 3 than for scenario 1 because of the growth period (ending respectively in 2010 
and 2033) that precedes the period of constant emissions. 

It sliould be noted that the rate of approach to equilibrium depends an the atmospheric 

lifetimes of the important compounds. The lifetimes used here (17 years for CFC-11, 150 years 
for CFC-12) are significantly longer than those given by Wuebbles (1983) owing partly to changes 
in the vertical diffusion coefficients employed in the LLNL model (Wuebbles 1985b). If the shorter 
lifetimes should ultimately prove to be more nearly correct, then the approach t~ equilibrium would 
be more rapid than i s  indicated by Table 1. In addition, the results reported here are based on the 
time-dependent behavior of only two compounds (GFC-I1 and CFC-12) as compared with eight in 
Wuebbles ( 1983), Compounds with much shorter lifetimes (e.g., CFC-22 and methylchloroform), 
though having a much smaller asymptotic effect than CFC-I1 and CFC-12 in these scenarios, 
approach equilibrium more rapidly and speed up the early growth in ozone depletion. However, by 
comparison with the results of Wuebbles (1983), it appears that this latter effect (eight ~ ~ m p o u n d s  
explicitly considered versus two) advances the date of reaching SO% of the asymptotic A03 by only 
about ten years. 

Figure 29 shows the normalized combined tropospheric inventory, Mrel for scenarios 1-5, while 
Fig. 30 shows the relative total column ozone depletion, computed from M,, by use of Eq. 8 in 

Sect. 8. 
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ted, combined, and n~~~~~~~~~ t ~ Q ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  inventory Q€ CFC-I 1 and CFC-112 FOT scmarios 
1-5. Normalization i s  to a value of 1 .OO for the asyiiiptotic inventory in scenario 1. 
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Fig. 30. Relative ozow depktion, scenarios 1-5. Normalization is to a value of 1.00 for the asymptotic 
ozone depletion in scenario 1 .  The curves follow thc expression (AO& = QX 4- bx2 4- cx3, where x = Mrcl 
(Fig. 29) and the coefficients are given in the text. 

The estimates of ozone dcpletion presented in Fig. 30 include only the effects of the CLCs; 
that is, the possible contributions of other trace gases ale not included. It lxlslls suggested in Sect. 4, 
on the basis of calculations by Wuebbles, Luther, and Yenner (1983), that the combined effect of 
the GLCs, nitrogen oxides, and C02 might be close to zero or slightly positive for the standard 
CEC scenario (case 1 of 13g. 30). More recent calculations by various investigators fWMO 1986), 
now iiicluding the effect of methane, continue to show a subshntial offsetting of the CFC-induced 
omrio: depletion for this cape. The magnitude of this offset is quite uncertain, in part because the 
concentrations of the other gases cannot be reliably predicted. (Neither, of course, can the CFC 
concentrations be reliably predicted; but they are indirectly specified in these scenarios, thti eby 
removing thdt uncertainty as an issue for a givcn scenario. 1 Nevcrtheless, the overall O Z O ~ Z  change 
associated with sccnarin 1 is likely to be s m a k r  than that due to the CECs alone and may even bc 
positive. 
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For the higher scenarios in t ig .  30 (e.g., scenarios 3 and 4, with constant emissions at 4Y2 
times the present rates), the indicated ozone depletions are much greater than for scenario 1. In 
these cases, too, there may be SONIC compensation by other gases, and indeed the positive effect of 
some of them (e.g., methane) at  a given concentration, may be greater at the higher CFC 
concentrations than at the steady-state CFC concentralions of scenario 1 (see WMO 1986, Tables 
13-2, 13-4). Nevertheless, it i s  strongly suggested by these calculations, as of course it already was 
by the calculations of Wuebbles (1983) on which the present results are based, thnt annual CFC 
emissions at a few times present rates are likely to cause ozone reductions several tirnes greater 

than the steady-state depletion in scenario 1. According to the tentative guidelines suggested in 
Sect. 6 ,  such reductions would be unacceptable and in anticipation of their occurrence sonx 
preventive actions would become necessary. 

Of course, it is not reasonable to suppose that C I X  emissions would remain constant for 
decades at  a time, let alone for centuries, as is assurnad for these scenarios. Thus the scenarios are 
merely illustrative of the effects to be expected from various levels of emissions. In this connection, 

scenario 4a may be of interest as an indication of the effect of a future reversal of a near-term 
upward trend in emissions, for example, a growth phase reaching 4.5 times current emissions in 
2020, followed by a 2?J/year decrease, continued indefinitely. By 2020, ozone depletion would have 
reached only 7.8% of the asymptotic value for scenario 4 (constant emissions after 2020 at 4.5 
times the current emission rates) but would have reached 69% of the asymptotic ozone depletion for 

scenario 1 (constant emissions throughout at  present rates). In scenario 4a, despite the continuing 
2%/year decrease in emissions after 2020, there is a large “overshoot” in ozone depletion to a level 
2.4 times higher than the 2020 level; this maximum level is reached in about 2075. (Even if the 
CLC emissions were reduced abruptly to zero, there would still be a substantial overshoot in oLone 
depletion (NRC 1976a) although the overshoot in  that particular case is not disclosed by the simple 
one-box model). Still, the maximum relative ozone depletion of 1.68 for scenario 4a (i.e., 1.68 times 
the asymptotic value for scenario 1) is far less than the value of almost 9 that would eventually be 
reached in scenario 4 or that would be reached much sooner if emissions continued to increase past 

2020. 
Many other scenarios could be considered for limiting the maximum ozone depletion after a 

period of unrestricted growth, and some of these possibilities will be discussed below. 
It should be pointed out that the nonlinear response of (A03)rel to increasing tropospheric CLC 

concentrations could not continue indefinitely in the same direction, that is, ( A03)rel > Mrel; the 
maximum possible ozone reduction is lo%, whereas the atmospheric burdens of CFC-1 I ,  CFC-12, 
and other CLCs could, in principle, become very much larger than are indicated for the scenarios 
considered here. Thus the effect must eventually saturate, and extrapolation much beyond the range 
“calibrated” against the calculations of Wuebbles (1983) is not warranted. 

It should also be remembered that, even if total column ozone (which determines uv intensities 
at the surface) is reduced only a few percent, much larger percentage reductions in ozone will occur 
in the middle and upper stratosphere, for example, around 40 km (see Fig. 5). An estimate of 
40-§0% reduction in local ozone concentration at 43 krn for the standard reference case (scenario 
1) has been a constant feature of all previous analyses of this question, even as estimates of total 
ozone reduction were undergoing major revisions (mainly because of changes in calculated 
atmospheric chemistry at lower altitudes). Such large reductions in local ozone concentration would 
significantly alter the temperature structure of the stratosphere, with effects on climate that are not 

yet clear. 
A5 discussed in Sect. 6 ,  we do not have firm guidelines for deciding how much reduction in 

total column Q Z O I ~ ~  might be acceptable, in the SGIISC: that the costs are commensurate with the 
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benefits. It seems reasonable to suppose that, if scenario 1 would indeed lead to an asymptotic 
ozone depletion on the order of 5--7%, with some compensation from other trace gases, and in view 
of the very long time constants involved, there is not likely to be any universal agreement on 
measures to reduce CFC emissions in the near future. On the other hand, it seems clear from the 
results already presented that continued growth in emissions at, say, 3%/year or more would lead in 
a few decades to a level of ozone depletion, or the prospect of future depletion, that would call for 
control of emissions. 

At some point, then, a reversal in the growth of CLC emissions would be required. The 

emissions, having reached a level substantially above the present level, would have to fail back 
gradually lo levels more nearly comparable to (or even less than) the present levels of emission. I 
have considered a few highly idealized scenarios in which CFC emissions, after increasing at 
3%/year for a few decades, begin to decrease at rates of 1%, 2%, or 3%/year, starting in the years 
2031, 2021, or 2011 (Le.? the 3%/year increase stops in 2030, 2028, or 2018). These scenarios were 
illustrated in Fig.  21. The rates of decline were chosen somewhat arbi.trarily, in the belief that they 
represent a reasonable range. (d41so, rates of decline faster than -3%/year bring only marginal 

further reductions in maximum ozonr: depletion.) It may be noted that the cusp-shaped curves 
illustrated in Fig. 21 are highly schematic approximations to the smoother curves that presumably 

would characterize the actual phaseout of one technology being replaced by another. Thus the 

replacement process would actually have to begin some years before the cusps in Fig. 21. 
The corresponding ozone depletions for the evasion scenarios, calculated in the same way as 

before, are shown in Fig. 31. For all these scenarios, ranging from a 3%/year decrease starting in 
2010 to a I%/year decrease starting in 2030, the rnaxirnuin relative ozoiie depletion falls 
approxiinately in the range of 0.6 to about 2 (relative to the asymptotic ozone depletion for the 
standard scenario). 

As was true of the results presented in Fig. 39, Fig. 31 represents only the contribution of the 
CLCs, not augmented or diminished by those of other trace gases. However, the results of 
Wuebbles, Luther, and Pcnner (1983), as reproduced here in Fig. 7, and the more recent results 
presented in the International Ozone Assessmerit Report (WMO I986), suggest that the combined 
effect of the other trace gases may approximately cancel the expected reduction due to CLCs in the 
standard scenario. Since the units are relative ones (again, 1.00 - the asymptotic value for case l), 

one may subtract from the curves of Fig. 31 the values shown for case 1 as a rough measure of the 

offset attributable to the other trace gases. An acceptable case is perhaps one in which this 
difference [; .e. ,  (A03) re1J( t )  --- (A03)rel,,(f)] does not exceed anity, as i s  true, for example, of cases 
3b.3 and 3c.l in Fig. 31. This leads to the further criterion that if the maximurn relative ozone 
depletion, ( A 0 3 ) ~ ~ l ~  calculated without taking account of the compensating effect of other trace 
gases, lies in the range from about 1 to 2, that is, 

= 1 < max(AO~),e, < ==2 , 

then the scenario probably represents an acceptable transition from CFC-emitting technologies and 
practices to nonemitting ones. (Of course, max ( L I O ~ ) ~ ~ ,  < 1 is also all right; the bounds relate to 
uncertainty in the criterion, and don’t imply that smaller ozone depletion would he unacceptable!) 
For example, if the stcady.state ozone depletion for scenario 1 (the one with constant emissions at 

1980 rates that is  used as a reference througkout this discussion) turns out to be 5% and that 

depletion turns out to be largely canceled by the effects of othcr trace gases, then scenario 1 and 

any other scenario for which the calculated (,AO,>,,, is less than one would he acceptable. Indeed, 
according to the tentative guidelines suggested in Sect. 6 ,  any scenario with (A03)re,  less than about 
two would be acceptable frorn the standpoint of ozone depletion. 
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Fig. 31. Relative ozone depletion for the evasion scenarios. 

On the other hand, if the steady-state ozone depletion for scenario 1 turns out to he closer to 
10% and is only partly compensated by the other trace gases, then the lower b u n d ,  (AO& d 1, 
would apply in evaluating the various transition scenarios. In the following discussion, use will be 
made of this criterion (i.e., that the calculated maximum relative ozone depletion should not exceed 
one or two). TTowever, if further research shows that the steady-state ozone reduction for cast: 1 
would actually be much larger than 5-7% after all, or if the rnucsl larger prcentage ozone 
reduction in the middle and upper stratosphere proves to be very important climatically. then this 
acceptability criterion would have to be reconsidered. 

The possibilities for limiting the rnaximuna ozone depletion by taking action to reduce CEC 
emissions, as represented schemat ically by the above Uevasionn scenarios, are summarized in Fig. 

32, in which the eventual maximum values of (A03)rel  (corresponding to the peaks in the cumes of 
Fig. 31) are shown as a function of the year in which the emission reduction starts and as a 
function sf the rate of reduction. For example, a decrease of 2%/year in annual emissions, starting 

in the year 2020 (following a 39blyear increase in  emissions for 1983 to 202Q), would limit the 
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scenarios versus time when I 

. The figures attadicd to eac 

maximum O Z O ~ C  depletion to about the same valuc as the steady-state depletion in scenario I ,  here 
considered tu be acceptable. (Note that this maximum would not actually be xached until about 

2070, a half-century after beginning the decrease, in emissions and that during that half-century the 
ozone depletion would have doubled.) 

The cusp-like evasion scenarios considered above illustrate iil a general way the effect of 
actions to initiate a decrease in CFC emissions followirig a period of sustained growth in emissions. 

They show the marked reduction i n  eventual 070ne depletion that can be accomplished by actions 
begun even several decades in the future. They also illustrate the large overshoot in ozone depletion 
that will occur after remcdial actions have begun dnd the long time pcpiod requircd before the 
omne dcmity, having reachell a rninin-surri (Le., maximum depletion), actually starts to increase 
again. However, they arc dmbiguous with respect to the question of timing of remedial actions, 
which .lioult8 havc to begin somc lime before the abrupt change from growth to decline that 
characterizes these evasion scenarios. For this reason, the market penetration scenarios were 
introduced (see discussion in Sect. 7). '4 few of these were illustrated in Fig. 22 070rre depletion in 
these scenarios is s h o w  in Fig. 33, in comparison with scemric, 3a, the case of uninterrupted 
3%/year growth i n  emissions. 

I 
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Fig. 33. Relative ozone depletion for certain market penetration scenarios with 3%/year initial growth in 
emissions. Also shown is scenario 3a with continued 3%/year growth rate. 

For a much larger series of market penetration scenarios, maximum ozone depletion 
(corresponding Lo the peaks of the curves in Fig. 33) is plotted in Fig. 34, as a function of the time 
to when the market share of the new, nonernitting technologies and practices reaches 1%. For the 
cases represented in Fig. 34, the growth rate in CFC emissions, prior to the time to, ranges from 
2%/year to S%o/year, with a growth rate of 3 4%/year being thought most likely (Sect. 7). Also 
represented are values of the market Ixrielration parameter, la,  ranging from 0.1 to 0.2/year [ i s . ,  
market penetration t imes (1 to 50% market share) from 46 years to 23 years (see Sect. 7)]. [Note 

that Fig. 34 does not show (AOJ),,~ versus time for any scenario; rather, it shows the maximum 
( A 0 &  versus the time, when remedial actions effectively begins. That maximum, as is apparent in 
Fig. 33,  would not be reached until several decades ilAer the time $0. Each curve in Fig. 34 
represents a series of scenarios Iiaving different values of 60 but the same initial growth rate prior to 
10 and the same market penetration time, T = In W / b . ]  



9-10 

0 
1980 1990 2006 2010 2020 2030 2040 

to (year) 

Fig. 34. Maximum relative ozone depletion for the arket. p e ~ ~ ~ ~ ~ ~ ~ i ~ ~  scenarios Y ~ ~ S M S  

market share of substitutes reaches 1%. Labels on the curves indicate initial growth rate prior to to and the 
market penetration parameter b. For example, 3.15 means 3%/year initial growth rate and b = O.IS/year. 

Consider for example the mid-range scenarios having initial growth rate of 3%/year and 
market penetration parameter b = Q.I5/year (T = 31 years), represented by the curve labeled 

3.15 in Fig. 34. For this series of scenarios (identical except for to),  Fig. 34 shows that a time to  = 

2005 would result in a maximum (A03)rel of 1, and to = 2022 leads to a maximum (AC)3)rel of 2. 
On the other hand, for an initial growth rate of 5%/year things get out of hand much more quickly: 
limiting max (AO& to 2 requires to  -- 2000. It is clear from Fig. 34 that lower growth rates and 
shorter market penetration times allow growth in emissions to continue longer before remedial 
actions must begin io be effective. Too long a delay could only be compcmatd for by shortening 
the market penetration time, which might prove to be costly. FOP example, if S%/year growth 
should contiilue until 2010, a market penetration time of 31 years ( b  = O.lS/year) would lead to 
an eventual maximum relative ozone depletion of more than 4, which is here considered to be 
unacceptable. It would require a much shorter market penetration time, that is; about 23 years 
( b  - 0.20/year) to get the niaximiirn (A03)rcl down to ahout 2, and there wodd be very little 
chance of getting it down to 1. 

As shown by these examples, Fig. 34 can be used to evaluate a broad spectrum of possible 
future CFC emission scenarios and implementation times for remedial actions. My own conclusion 
is that for growth rates of 3 or 4%/year and for reasonable markct penetration times of about 30 to 
40 years ( b  - 0.15-0.12/year; see discussion in Sect. 7), effective actions to replace present CFC- 
emitting technologies and practices, even if begun 20 to 30 years from now, could limit the cventual 
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maximum ozone depletion to acceptable levels. But higher growth rates (e.g., 5 to 7%/year) would 
present us with a more urgent situation and could not be allowed to continue very long. 

I am well aware that this sort of argument is not very rigorous, and indeed several reviewers of 
a draft of this report took rather strong exception to it. There are large remaining uncertainties in 
the degree of ozone depletion that would actually be caused by a given concentration of CFC 
compounds in  the atmosphere, in the effects of that depletion should it occur, and hence in the 
amount of depletion that could be regarded as acceptable, in the extent of compensation by other 
trace gases of C1-induced omne depletion (as well AS exacerbation of other effects), and in the 
times and rates at which substitutes could be introduced in various segments of the CFC market. 
The criteria suggested above and the calculations for the various emission scenarios are presented 
here in quantitative terms. Yet the essential rationale is perhaps best appreciated in qualitative 

terms. The reasoning, stripped of qualifying remarks, goes as follows: 

1.  

2. 

3. 

4. 

5.  

Continued CFC emissions at present rates (scenario 1) would not produce an unacceptable 
reduction in total column ozone-not for many decades and probably never. 

Any schedule of CFC emissions that depletes ozone no more than scenario 1 is acceptable 

Continued CFC emissions at rates much higher than present rates would produce ozone 
reductions several times greater than scenario 1 and that is probably unacceptable. Sustained 
growth in emissions from current levels to much higher levels would do the same thing. At 
growth rates of a few percent per year, it would only take a few decades to reach emission levels 
that would be unacceptable if continued for a long time. 

In between, there is a range of ozone depletion, somewhat larger perhaps than for scenario I but 
not much larger, that may be found to be acceptable. 

Because of the long time constants of the processes involved (i.e., the long atmospheric lifetimes 

of the principal GFC compounds), ozone depletion over periods of several decades depends more 
on long-term total emissions than on short-term variations in annual emissions. Thus, annual 
CFC emissions could safely be allowed to grow, even to rates several. times greater than at 
present, provided that they were brought back soon enough to something roughly comparable to 
present rates. 

This report is an attempt to present an initial, semiquantitative elaboration of these general 

observations. It is certainly not the last word on the subject, but it may perhaps be regarded as an 
early effort to explore the ground between no action and precipitate action concerning the ozone- 

depletion problem. 
The analysis thus far has been based on the simplifying assumption that the relative emissions 

of the eight CLCs considered would remain in the same proportions as at present. However, 
substitution of one CLC for another [nay serve to reduce the amount of chlorine remaining in the 
atmosphere without actually reducing the total mass of CLCs produced. For example, CFC-22 
(CHF2CI), because it reacts with hydroxyl radical I n  the troposphere, has a shorter atmospheric 
lifetime than CFC-I I or CFC-12 and a much smaller effect on stratospheric o7one. Wuebbles and 
Chang (1982) (quoted in Wuebbles 1983) have estimated the relative ozone destruction efficiency 
of these compounds, per unit of mass of the compound emitted into the atmosphere. Their results, 
taken from Table 4 of Wuebbles (1983), are reproduced here in 'Table 5. 
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Compound 

-. . . . . ... . .- 

cc14 
CFC-11 
CFC- 12 
CFC-113 
CFC-114 
CFC-I15 
CM3CCI3 
CFC-22 

Molecular 
weight 

153.8 
137.4 
120.9 
187.4 
170.9 
154.5 
133.4 
86.5 

Chlorine 
weight 
fraction 

0.922 
0.774 
0.587 
0.568 
0.415 
0.230 
0.798 
0.410 

. . . . . . . . . . . . 

Relative efficiency 

1.11 0.93 
1 .oo 1 .oo 
0.86 1.13 
0.80 1.09 
0.60 1.12 
0.32 1.08 
0.15 0.15 
0.05 0.09 

"Relative efficiency for destroying ozone per unit of 
mass of the compound released to the atmosphcre, 
normalized to unity for CFC-11 (from Wuebbles 1983, 
Table 4). 

'Relative efficiency per chlorine atom released, also 
normalized to unity for CFC-I 1. 

It will be noted that some compounds have a lower potential for destroying ozone simply 
because they contain less chlorine. while others (in the lower group in Table 5) have a much 
smaller effect on ozone because of their removal by reactions (with hydroxyl) in the troposphere. Of 
course, these compounds are not all interchangeahle in their various applications because they have 
different physical, chemical, and thermodynamic properties. Nevertheless, over a period of time and 
with some process or equipment modifications, some substitution of the less-destructive for the 
more-destructive compounds should be possible. 



a THE GREENHOUSE EFFECT 

The temperatures of the earth’s surface and lower atmosphere are controlled in part by minor 
gaseous constituents of the atmosphere that absorb infrared (ir) radiation, mainly from the surface. 
The most important of these so-called greenhouse gases are water vapor and COZ, but other trace 
gases also influence the transfer of ir radiation within the atmosphere. Among these are ozone,* 
nitrous oxide, methane, and the chlorofluorocarbons. The concentrations of all of these trace gases 
appear to be changing, or are subject to change, as a result of human activities and the magnitudes 
of the prospective changes are sufficient to cause significant changes in temperature and climate. 
Although most attention has been focused on C 0 2  a5 a “greenhouse gas,* the combined effects of 
N20, CH4, and the CLCs may be comparable in magnitude to that of C02 alone (Seidel and Keyes 
1983; Chamberlain et al. 1982; Wanianathan et al. 1985). 

The potential contribution of the CLCs to the overall greenhouse effect has h e n  investigated 
by several authors whose conclusions were reviewed by Ramanathan (1982). Ramanathan’s 
summary of the available estimates is reproduced in Table 6. The various estimates are, in fact, a 
bit difficult to compare because different approximations were used. The differences are related, 
among other things, to the treatment of various feedback effects; that is, the anticipated 
temperature rise, resulting from the change in trace-gas concentration, will itself cause changes in 

other parameters of the problem (e.g., water vapor content, clouds, surface albedo, etc.), and these 
effects are treated differently in different computations or are not taken into account at all. 

From the papers referred to in Table 6 and other sources, I have prepared ’Table 7, which 
identifies the individual contributions of CFC-11 and CFC-12. The upper part of Table 7 lists 
calculated values of the average global surface temperature increase per unit increase in mixing 
ratio of the two principal CLCs considered in this study (measured in parts per billion by volume). 
The line labeled “Sum x 2” contains the same numbers as Table 6. Also shown is the ratio of the 
temperature response per part-per-billion increase in CFC-12 to that for CFC-11. Most studies 
indicate a value of about 1.2. 

Differences in the estimates shown in Table 7 can arise from differences in modeling 

assumptions, some of which (i.e., feedback effects) should have a similar effect on the temperature 
sensitivity for various trace gases; that is, the ratio of the temperature changes induced by changes 
in concentration of the CFMs and of COz may be more reliably calculated than the absolute 
magnitude of the temperature changes for a given gas. For this reason, in the lower part of Table 7, 
we express the temperature change per part-per-billion (by volume) increase in CEC-11 or CFC-L2 
in units of (AT&o,, the temperature change associated with a twofold increase in C02 
concentration. This “doubling A.7”’ for CO;, is not yet well determined, partly because of remaining 

*Most of the total column ozone is in the stratosphere, and it is there that most of the absorption of 
incident uv light takes place. However, because of pressure broadening of the ir absorption lines, the 
tropospheric ozone is more irnyx,ri.ant as a greenhouse gas. 
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Table 6. Estimated surface temperahre change ("C) resalting 
from increased CFkl c ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ $ ~  

Model FCAb FCTC Empirical' 

Ramanathan (1  975) 0.56 0.9 0.9 

Reck and Fry (1978) 0.6-0.75 

Goddard Institute for 
Space Studies: 

Wang et  al. (1976) 0.38 0.56 
Wang, Pinto, and Yuiig (1980) 0.69 
Ilansen et al. (1981) 0.50 
Lacis et al. (1981) 0.65 

Karol et al. (1981) 0.8 

Chamberlain et al, (1982) 1.42 

"CFCI, and CF2C12 are each increased from 0 to 2 ppbv. 
bl -D radiative-convective model with fixed relative humidity and with 

fixed cloud-top altitude. 
'Same as (h), except for fixed cloud-top temperature (rather than 

altitude). 
'~stirtiated from an empirical expression for the surface temperature 

sensitivity parameter dT/dF, the change in surfwe temperature per unit 
change in downward long-wave radiation flux at the surface (Chamber- 
lain et al., 1982) or outward flux at the top of the atmosphere 
(Ramanathan). 

Sourre: Ramanathan (1982). 

uncertainties regarding feedback effects. It seems expedient, therefore, to measure the possible 
future greenhouse effect of the CFMs in terms of the doubling AT for C02.  

The expression given by Lacis et al. ( 198 1)  (column d of Table 7) is 

AT("C) T= 0.57[CH4]0.5 4- 2.8[N20]0.6 .-- 0.057[CH,][NzO] 

+ O.l5[CFC13] + 0.18[CF+212] 

+- 2.5 In [ l  -I- 0.005 AC02 f 10-5(AC02)2] , 

where 

[CH4] = the methane concentration (in ppmv), 

[ N 2 0 ]  = the nitrous oxide concentration ( in  ppmv), 

[CFCIj] = the CFC-I 1 concentration (in pphv), 

[CF,C12] = the CFC- 12 concentration ( in  ppbv), 
AC02 = the increase in C 0 2  concentration (in ppmv) relative to a reference concentration 

of 300 ppinv. 

This expression fits the results of numerous 1 -D radiation convection model calculations to better 
than 5% of the calculated AT for [CH,] < 5 pprn, [NO,] < 1 pprn, A C 0 2  < 300 pprn, [CFC13] < 



Table 7. Increase in average surface temperature per unit increase in concentration of CFC-11 and CFC-12 
~~ ~- ~ 

Ramanathan Reck and Fry Lacis et al. Chamberlain et ai. Seidel and Keyes Ramanathan et al. 
(1975) (1978) (1981) (1 982) (1983) (1985) 

( a )  ( b )  (C) (4 (e) v3 (d ( h )  

A r( C ) hpbv 

0.13 

0.28 

0.161 0.209 

0.355 0.46 

CFC- 1 1 0.180 0.207 0.16 0.15 0.25 

Sum 0.395 0.454 0.30 0.33 0.72 

0.215 0.247 0.14 0.18 0.47 0.194 0.251 0.15 -- _ _ -  CFC- 12 

0.79 0.91 0.60 0.66 1.44 0.71 0.92 0.56 Sum x 2 
CFC-12/CFC-l I 1.20 1.20 0.88 1.20 1.9 1.20 1.20 1.15 

hT("C)/ppbv' 
f AT2)co> 

CFC-I 1 0.049 0.054 0.070 0.074 

CFC-12 0.059 0.065 0.084 0.085 
Average' 0.056 0.061 0.079 0.082 

_I_ ___ 

"FCT (fixed cloud-top teinperature); no feedbacks. 
bIncreased by 15% to allow for feedbacks. 
'FCA (fixed cloud-top altitude); no feedback; includes effects of aerosol particles. 
dFCT. Model gives (AT2)co2 = 3.06 (the temperature rise for COz doubling). 
'Based on empirical estimates of sensitivity parameter dT/dF (see note d,  Table 6). 
'Seide1 and Keyes (19833, based on an expression furnished by Lacis (Goddard Institute for Space Studies) that is similar but nor 

identical to the expression of Lacis et ai. (1981); values listed correspond to present concentrations of all other trace gases; value 
assumed for (AT2)co~is 3.0°C. 

gSeidel and Keyes (1983); for A C 0 2  = 300 ppm; ACH4 = 3 ppm and ANOz = 0.3 ppm; (AT&q= 3.0"C. 
'FCA no ice-albedo feedback. 
'(AT/ppbv) + (ATZ)cO2 is the temperature change per part-per-billion (by volume) increase for CFC-I1 or CFC-12 relative to the 

'Average = 1/3(value for CFC-I 1) + 2/3(value for CFC-12). 
temperature change associated with a doubling of the COz concentration. 
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2 pph, and [CF2CI21 < 2 ppb. In this expression, the effect of the CFMs is linear and is 
independent of changes in concentrations of the other trace gases.* 

An expression given by Seidel and Keyes (1983), as obtained from Lacis at the Goddard 
Institute for Space Studies, is 

F = 2.6 x lop5  (ACOZ) (1 + 0.0022AC02)-0.6 

- 5.88 x lO-’r +- 3.685 x 10-47-2 

- 4.172 x (AC02)r -t-. 1.197 x (ACH4)0,5 

f 5.88 x 10-3(AN20)o.6 - 1.197 x (ACH4) (AN20) 

-4- terms involving insolation and volcanic aerosols , 

In this expression, in addition to terms already defined, 

F = downward long-wave radiation flux at the surface (in cal/cm2-rnin), 

ACH4 =- the change in CH4 concentration from a reference value of 1.6 plimv, 

AN28 - the change in N 2 0  concentration from a reference value of 0.3 ppmv, and 
ACO2 = the change in CO2 concentration relative to a reference Concentration of 293 ppmv 

7 = AT f (AT2)co,, 

The temperature change that restores equilibrium following a change i n  concentration in one or 
inore of the trace gases is abtaincd by setting F = 0 and solving for T .  Because of the quadratic 
term inr the temperaiure change and the cross term involvimg ACQ2 and T ,  this expression i s  not 
quite linear in CFM concenlra.tion, and the temperature effect of the CFMs is not independent of 
the concentrations of the ather gases. Column f of Table 7 was obtained with A.CO2, bCH4, and 
ANzO all equal to zero, while column g was obtained with ACOz = 300 pipa: ACWl = 3 ppm, 

and AN20 --- 0.3 ppm, For the latter conditions, the weighted average sensitivity to increasing 
CFM concentration is T = 0.079 (-0.08) per part per biilion by volume. This is the sensitivity 
value used here to approximate the greenhouse effect of the CFMs for the various scenarios 
considered i t 1  this study; it is applied to the corinbineti total mixing ratio for CFC-I 1 and CFC-12. 
It may be noted that essentially the same relative sensitivity value ( T  ---- 0.08/ppbv) is implied by 
the results of Rarnanathan et al. (1985). Using the weighted-average sensitivity indicated in the last 
line of Table 7 ( i s . ,  one-third of the sensitivity for CFC-11 p h s  two-thirds of the sensitivity for 
CFC-12) implies that CFC-12 is twice as ahundaat as CFC-11 in the troposphere. This is 
approximately the case, so long as their emission rates reniain in the same proportions as at present, 
as i s  assumed for all the sccnarios. In fact, because of the longer atmospheric lifetime of CFC-12, 

its mixing ratio increases soncwlnat inore than that of CFC-I 1; its relative abiindance increases 
from abaut two times that of CFC-11 in the near tcrm to a little more than threc times that of 
CFC-11 in the long term. Because the sensitivities of CFC-11 and CFC-12 are thought to be nearly 
the same, the yeighted average is not very sensitive to changes in the ratio of Concentrations, 

- - _- - 

*The possible grctdiouse effect of CFM-induced changes in emir concentration IS discussed later in this 
section. 
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varying only a few percent as the concentration ratio (CFC-12ICFC-I 1) ranges from zero to 
infinity. 

The last expression above (Seidel and Keyes 1983) suggests that the temperature sensitivity to 

increasing CFM concentrations becomes slightly larger as the CFM concentration increases, but 
this is merely an artifact of the fitting to results of a large number of 1-D radkation-convection 

calculations for various combinations of trace gases. Ramanathan (1975) states that the optically 

thin approximation ( is . ,  no saturation of ir absorption bands) should remain approximately correct 

for CFC-11 and CFC-12 concentrations less than about 5 ppbv each. For higher concentrations, the 
sensitivity would decrease. In  none of the scenarios considered in this study does the CFC-I1 

concentration exceed 5 ppbv. However, the CFC- 12 concentration does exceed 5 ppbv in scenarios 
3 and 4, though only after the latter part of the next century. For these scenarios, the contribution 
of the CFMs to the greenhouse effect is probably overestimated in the later years. 

The calculated increases in global average temperature for each scenario (relative to the 

doubling AT of COz) are presented in Fig. 35.* For the standard scenario (case I ) ,  with constant 

*Note that these are equilibrium temperature increases for the concentrations that prevail in each year; na 
allowance has been made for the lags associated with the enormous heat capacity of the oceans. 

ORNL-OWG 85- 15940 
p---l---- T---T 

2000 2050 2100 2150 220.00 22-50 

TIME (year) 

Fig. 35. Increase in global annual average surface temperature due to increasing cancentrations of GFC-11 
and GFC-12 versus time for scenarios 1-4 and 4a, expressed as a fraction of the doubling AT for GO2. 

_ _  ..:.._............ ~ .....-...- . . . ~  .... - 
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emissions, the temperature increase attributable to CFC-11 and CFC-I 2 approaches one-third the 
doubling AT of C 0 2 .  However, the approach to this asymptotic value is very slow, as in the case of 
ozone reduction. By the latter part of the coming century, when CQ2 may, in fact, have doubled, 
the CFM effect (for case I )  would be only about 15-20% as large. This i s  not quite negligible; and, 
if it began to appear that some restrictions on CQ2 emissions might be needed, pressures would 
arise to moderate also the effects of the other greenhouse gases, including the CFMs. Thus the 
standard scenario would seem to be a marginal case. If climate change due to increasing 
concentrations of C02 (and of other trace gases) becomes a sufficiently serious source of concern to 

require some restriction on emissions, the CFMs, even in this scenario, would probably come under 
attack. This is especially true since the atmospheric lifetimes of the CFMs, though long, are not as 
long as that of C02 (Le", roughly a century as compared to a millenium). Thus a somewhat faster 
response would be expected from reduction in CFM emissions than from reduction in COz 
emissions. 

For scenarios 3 and 4, the estimated temperature rise is clearly niuch more rapid than for the 
standard scenario and, indeed, is perhaps half as large as that to be expected from future increases 

in C02. This is illustrated in Fig. 36, in which a comparison is made between temperature rise due 
to increases in C 0 2  concentration for several COz growth scenarios and the temperature rise due to 

CFMs in our cases 1-4. The CO: scenarios shown in Fig. 36 are taken from an earlier study (Perry 
1984) and are selected to cover a rangc of key parameters characterizing the possible futiure 
emissions of COz. These parameters are 

a,: The initial post-1980 growth rate irn annual C 0 2  emissions (units: %/yeas). 
pmax: The maximum annual C 0 2  emission rate (units: IO9 metric tons of carbon/year). 

Qm: The u!tiniate cumulative total carbon release, related to the combined resources of oil, 
gas, and coal that will eventually be used (units: lo9 tons of carbon). 

( CO&ax: The maxirnum atnrospheric conccntration of COX (units: ppmv), as calculated with 
the carbon cycle model of Killoirgh and Emanuel, Model 3b (Killough and 
Ernanuel 1981; Perry 1984). 

The COz concentrations associated with these C02 emission scenarios are shown in Fig. 37. 

As may be seen from Fig. 36, the principal parameter governing the temperature incrcase due 
to C02 over the next few decades is the initial post-1980 growth rate, ao. Although it is not possible 

to forecast future C02 missions precisely, it presently appears that, growth rates of l--',%/year over 
the next few decades are more likely than higher growth rates of, say, 3--4%/year or nloie (Perry 
1982; Edinonds et al. 1984). For the lower growth rates, the temperature increases due to COz 
cluster around a line that may be approximated by the expression 

while thc timpzrature rise due to CFMs iil scenario 3, after about 2010, is roughly half as large. 

Thus, if global warming associated with increased concentrations of the ir-absorting trace gases 

becomes a problem, the CFMs could be a significant part of that problem, and pressures to redirce 
emissions of CFMs could becvrne comparable to pressures to redlice C 0 2  emissions. 

In  short, the greenhouse effect, like the ozone rcduction problenn, could we11 put a cap on 
future growth in CFM emissions. 
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Fig. 35. Comparison of relative temperature rise versus Lime due to CFMs with that due to COz. For the 
CQ, scenarios (from Perry 1984), a0 is the initial, post-1980 growth rate in annual CO, emissions, pmlr is the 
maximum annual COz emission rate (in lok5 g of carbon/yenr), Q- is the ultimate cumulative total post-1980 
CQ2 release (in lOI5  g of carbon), and (COZ)max is the maximum attained C 0 2  concentration (in ppin). 

It should be noted that nothing has been said thus far about the possible greenhouse effect of 
CIA3 other than CFC-11 and CFC-12. However, these two appear to be the main contributors and 
probably will remain so (Wuehbles 1983; Ramanalhan et al. 1985). Other compounds either are 
released to thc atmosphere in much smaller amounts (e.& GFC-113, CFC-114, CFC-I 15) or have 
much shorter atmospheric lifetimes and hence lower concentrations (e.g., CFU-22, CI13CC13). In 
addition, it appears that most of the other CLCs are nut stronger ir absorbers than CFC-11 and 
CFC-12 Amring the compounds whose temperature sensitivities (Le.? AT/ppbv) have been 
estimated by one or more of tho authors represented in Table 7 are (in addition to CFC-I 1 and 
CFC-12): CC14, CF4, GHCI3, (‘IfzC12, CII,C1, CH4, CzFJ4, and (.‘II,CCI, Table 8 offers a 
comparison of estimated temperature: sensitivities for these compounds Lt rnay be noted that most 
of the compounds are estimated to have lower rensitivrt~cs Q”C/ppb) than CFC-1 I and CFC-12, 
either because their ir absorption bands are not as stlong or hecause they kill in a wavelength range 
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Fig. 37. C02 concentrations versus time for the CQ2 scenarios shown in Fig. 36. Dots on curves indicate the 
times when maximum annual GOz emissions, plnax occur. 

already covered by another strong absorber such as water vapor or (202. The large disagreement for 
C2114 is unexplained. 

Since ozone is an important greenhouse gas and since it is depleted by increasing CFM 
concentrations, we must consider to what degree the ozone reduction may offset the temperature 
increase due to the CFMs. Wang, Pinto, and Yung (1980) estimated that the steady-state 
(asymptotic) temperature increase due to CFMs alone, for the standard scenario (with constant 
CFM emissions), woiild be about 0.64OC (fixed cloud-top temperatures, with ice-albedo feedback). 
They also estimated for this case that the cooling associated with reduced ozone concentrations 
would be about 0.4OC, leaving a net warming of 0.24"C due to CFMs with the ozone feedback 
effect included. However, their calculations for this case indicate a steady-state ozone reduction of 
18% of total coliimn ozone and show especially high sensitivity of surface temperature to ozone 
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Rammathan Wang et al. Reck and Fry Wang' Pinto' Chamberlain et al. Ramanathan et a]. 
(1975)" (1976)" (1978) (1982) (l985)c 

and Yung 
( I 980)b 

Compound 

~- ~ _____ - - _ _ _ _ _ ~  ~ 

CFCI, 0 21 0 14 0 19 0 23' 0 24 0 13 

CF2C12 0 25 0 15 0 47 0 15 

CCI4 0 14 0 14 0.07 

C F4 

CI~I F2CI 

CHCI, 0. IO4 

0.07 0.06 0.05 

0.05 

0.06 

CH2Cl2 0.052 0.02 

CH, 0.0001 8' 0.0002f 

CI-13CCI, 0.01 

CI-I,CI 0.013 0.006 

C2H4 0.005 1.8 

.. . -________ ~~ .........,.. -- __ ..... ~ .. ~ - ..... . __ ~ ~ ~~ ...... ~ 

"Fixed cloud-top temperature. 
'Fixed cloud-top temperature, with ice-albedo feedback. 
'Fixed cloud-top altitude; no ice-albedo feedback. 
dAverage for CFC- 1 I and CFC- 12. 
'Average over increase from I .6 to 3.2 ppm. 
'Average over increase from 1.6 to 2.0 ppm. 

depletion in the neighborhood of the tropopause. It is in this region (and in the lower stratosphere, 
up to about 30 km) that recent revisions in the atmospheric chemistry calculations have most 
modified the earlier estimates of ozone depletion. These revisions, as noted earlier in Sect. 4, have 

sharply reduced the estimates of total ozone depletion, from ahout 18% to perhaps 5 -7% for the 
standard scenario, with most of the adjustment occurring below 30 kn. Indeed, thc 1979 prediction 
of 2 large ozone depletion is now replaced by a prediction of a modest increase in O L O ~  

concentration in this altitude range. Kamanathan and Dickinson (1979) also point out the strong 
dependence of surface temperature change on the altitude dependence of the ozone perturbation. 
They foiund that a reduction in ozonc concentration at any altitude tends to warm the surface and 
lower atniosphere bzcause of an increase in solar radiation reaching those regions. Mowever, 
reduction in stratospheric ozone cools the stratosphere, and reduction at any altitude reduces the 
trapping of longwive radiation emitted from the sulfa-troposphere system; both effects reduce 

the downward emission of longwave radiation, thus tcnding to cool the surface While the surface 
warming due to iracrzased solar radiation i s  indeperident of the altitude of the ozone perturbation 
(reduction), the surface cooling duc to decreased longwave radiation from above diminishes with 

increasing altitude of thc perturbation. rhus, for a reduction in ozone in the middle or upper 
stratospherc the shortwdve effect dominates, and a net warming of the surface occurs. For ao 
ozone ICdUGtiOaP in the lower stratosphLrc or troposphex, the longwdre effect dominates, and a net 
cooling occurs. Thus, as poinizd out by Ramaimthan et a1 (1985), both the large CFM-induced 
depletion of ozone at higher a l t i t u A s  and the now-anticipated m a l l  inciease in U L O ~  at lower 

altitudes contribute to a wsrn ing  of the siirface a d  I o w a  atmosphere. The amount of this 
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warming is estimated to be perhaps 20-25% as large as that of the CFMs themselves. However, 
because it is the net result of two larger components of opposite sign (Le., the solar radiation and 
the longwave radiation effects), the net effect is quite uncertain and is neglected in the present 

work. 
In summary, the estimated greenhouse effect of the CFMs, relative to that of COz, is as shown 

in Figs. 35 and 36 for the various scenarios considered in this study. For the standard scenario (case 
l) ,  the effect appears to be marginal. For the growth scenarios, and especially for cases 3 and 4, the 
effect is a significant fraction of that to be expected from C02. Thus, in these scenarios, pressures 

for reduction of COz emissions would almost certainly be accompanied by pressures to reduce CFM 
emissions. 

We next consider the greenhouse effect of the evasion scenarios, previously considered in 
connection with the issue of ozone depletion. These are shown in Fig. 38. In all of these cases, the 
maximum temperature rise ranges from about 0.3 to about 0.5 times the C 0 2  doubling AT, and 
these temperatures occur in the time period 2070 to 2100, when the C02 concentration, if not 
controlled, may have reached 600 ppm (i.e., roughly twice the concentration in 1900). Again, this is 
not a negligible contribution. Thus the evasion scenarios considered here (or their equivalents in 
more gradual and more realistic transitions), even if successful from the point of view of ozone 

depletion, might be considered barely acceptable, or unacceptable, from the point of view of global 
climate change. 

1.5 

0 

ORNL-DWG 86-45943 , ~l--' 1---  
--T--.--- 

7-.-- 

0 

2000 2020 2040 2060 2080 2100 2120 2140 
TIME (year) 

Fig. 38. Increase in global annual average surface temperature versus time for the CFC evasion scenarios. 



10-1 1 

A similar conclusion is reached from consideration of the market penetration scenarios 
described in Sect. 7. Results for these scenarios are summarized in Fig. 39 in the form of a 
correlation between the temperature parameter r = AT/(AT&o, and the relative omne depletion, 

(AC?3)rel, both of which depend (in the formulations used to calculate them in this study) only on 
the tropospheric inventories, MI 1 and M12, or equivalently on the corresponding mixing ratios 
[CFC-I 1 J and [CFC-12]. The correlation cannot be exact because the proportions of CFC-11 and 
CFC- 12 are different in different scenarios, owing to their different atmospheric lifetimes. However, 
it is more than adequate for our present purpose. 'The correlation of T versus (LIQ~)~~,. shown in Fig. 
39, i s  independent of the absolute value of ozone depletion for these cases, but a correlation of T 

with the absolute value itself ( k . ,  A 0 3 )  is not. The correlations corresponding to 5 ,  7, and 9% for 
the steady-state ozone depletion in scenario 1 are shown in Fig. 40. 

Figure 39 indicates that values of (AO,),, of 1 or 2, employed in the acceptability criterion of 
the previous section, correspond to (equilibrium) temperature increase of about 8.28 to 0.47 (-0.3 
to 0.5) times tbe doubling AT of CQ2. As noted above, these are not negligible contributions to the 

greenhouse effect. If the doubling AT of CO, turns out to be. as much as 4 or 4%"C, the 
concentrations of CFC-11 and CFC-12 that correspond to (A03)rel  = 1 or 2 (i.e~, T -0.3 to 0.5) 

may well be found to be unacceptable, even if they are considered acceptable from the standpoint of 
total ozone depletion. In short, it is quite possible that consideration of cliniate impacts of CFC-11 
and CFC-12 will be found to be at least 3s significant as their impact on total ozone, if not more 
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Fig. 39. Correlation between relative temperature rise, -r = CIT/(hT2)q, and sdathe azane depletion. 
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Substitution of ~ ~ c - 2 2  for c ~ C - 1 2 ,  where possible, w ~ d d  significantly reduct: the ilnpact sf 

c t ; ~ ~  on climate, as it would their ir-npact on the ozone layer (Sect. 9). According to Kamanathan 
et ;al. (1985), a molecule of CFC-22 i s  only about one-third as effective ia contributing to the 
greenhouse effect as. a ~noleculs: of C X - 1 2  (Table 7). Taken together with a factor of about 6 in 
atmospheric fifetime (WMO 1986, Table 3.3), and a factor of 1.4 in molecular weight, this 
indicates that for equal annual emission rates (kg/year) CFC-22 would be about (1  /3)( 1/6)( 1.4) 
= 0.08 times as significant a contributor to the greenhouse effect as CFC-12. On both connts, 

then-ozone depletion and greenhouse effect- the inipact of CFC-22 would be an order of 
magnitude less than that of CFG- 12. 



11. CONCLUSION§ 

From the foregoing analysis and discussion, I draw the following conclusions. I ani aware that 

some of these may he controversial; nevertheless, they represent my reading of the current situation. 

ith respect to stratospheric ozone depletion, the standard, reference scenario (with constant 
CLC emissions at current rates) does not appear to me to be a source of immediate concern. 
The asymptotic ozone depletion due to CLC releases in this scenario is probably sufficiently 
small (e.g., around 5-10%) and the time required to approach equilibrium sufficiently long that 
forced reduction of CLC emissions below the current levels would not be justified in the next 
several decades. The effect would develop very slowly (Fig. 30), requiring many decades to 
reach one-half of rhe steady-state ozone depletion and leaving ample time for future corrective 
action if later evidence should indicate the need for it. Moreover, plausible increases in the 
concentrations of other trace gases (CQ;?, CHS, NO,) may reduce the loss of ozone, at least 
partially offsetting the depletion due to the CLCs (Fig. 7) and possibly even reversing the sign 
of the ozone change. 

2. With respect to the greenhouse effect, the standard scenario would, at steady state, give rise to 
an effect equal to about one-third that due to doubling the concentration of CQz (Fig. 35). 
Relative to the increasing influence of CO:, on climate, that of the CFMs in the standard 
scenario would remain roughly one-fifth as large (Fig. 36). If it should prove necessary to try to 
limit the increase of the CO2 concentration because of climatic effects, some attention would 
undoubtedly be given also to the CFMs. 

3. it seems likely, however, that annual worldwide emissions of CLCs will not remain constant but 
will begin again to increase to rates much higher than the present rates (e.g., Fig. 20). These 
higher emission rates, if continued, would eventually cause reductions in total column ozone that 
would probably be unacceptable (Fig. 30). Thus the prospect of future growth in emissions is 
cause for concern. 

4. Even if CLC emissions do increase at modest rates (e.g., 3%-5%/year), measures to restrict 
such growth may not be necessary immediately. However, growth would probably have to be 
halted and reversed within a few decades, possibly within the next 15 to 30 years, in order to 
limit wLone depletion to an acceptable degree (Figs. 21, 22 and 31--34). Neglecting the offsetting 
effect of other trace gases (Fig, 33), the eventual maximum ozone depletion increases by a 
factor of about 1.5 for each decade of delay in implementing an effective substitution (or 
emission control) program following a period of 3%/year growth in CLC emissions and by a 
factor of about 2 per decade of delay following growth at S%/year (Fig. 34). 

It should be noted that the optimum (i.e., the lowest-cost) scenario for limiting future CLC 
emissions has certainly not been determined in  this study. Such a determination would require 
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far more information than is presently available concerning the cffects of uv radiation and the 
time-dependent costs of limiting the emissions. Nevertheless, the transition scenarios 
sunwnarized in Figs. 32 and 34 do suggest that, even with 3%/year growth in emissions, a delay 
of 15 to 30 years in arresting and reversing that growth would not preclude keeping the 

maximum ozone depletion to less than 5% to 10%. 

5. There are still substantial uncertainties in the analysis of ozone-depletion effects of CL,Cs. Some 
of these could be resolved in a manner that could increase the sense of urgency for regulating 
CLC emissions. If further research shows greater ozone depletion, for a given CI,C release, than 
is presently estimated; if the atmospheric lifetimes prove to be much shorter than those assumed 
here, so that the approach to equilibrium i s  much faster; or if the compensating effects of other 
trace gases prove to be significantly smaller than indicated here, then actions to restrict further 

releases of CLCs might be required somewhat sooner than is suggested by Fig. 34. 

6. With respect to the greenhouse effect, continued emissions at rates substantially above the 
present rates would lead to climatic effects that are significant in comparison with those 
expected from increasing concentrations of COz. For example, in scenarios 3 and 4 (Fig. 19), 
with emissions at about 4% times the present rates, the greenhouse effect of the CFMs would 
eventually exceed that due to doubling the COz concertration (Fig. 35); and, during the first 
half of the corning century, their effect avould be one-third to one-half as large as the 
(increasing) effect of COz (Fig. 36). If restrictions on COZ emissions shoilld prove necessary, the 
same would probably be true of the CFMs, if emissions followed these (or higher) scenarios. 

7. The transition scenarios previously considered in connection with o ~ o n e  depletion would limit 
the warming effect of the CFMs to one-quarter to one-half that of doubling the COz 
concentrakioii (Figs. 38 and 39). This i s  not a negligible effect, and it may be that the 
greenhouse effect will prove to be as significant as ozone depletion in providing incentives to 

limit future emissions of CFMs and possibly more so. 

8. Even if the reduction of total column ozone i s  small (as in the standard scenario, scenario l) ,  
therc is still expected to be a large relative reduction in O L O ~  dcnsiiy in the upper stratosphere 
(Fig. 5), which will lead to a significant cooling of that region, augmenting the effect already 
anticipated from increasing CO;! concentration. A substantid change in the temperature profile 
of the stratosphere may have a significant effect on climate. The magnitude and importance of 
the effect are not clear hut deserve further study. 

9. Although a discussion of specific measures to limit future emissions of CFMs is beyond the 
scope of this report, it may be noted that some other CFMs might usefully be substituted for 
CFC-11 and CFC-P 2. For example, CFC-22, a possible substitute in some applications, would 
have a muck smaller effecl both on ozone depletion and on climate. 
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