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Stratospheric ozone depletion and future 
levels of atmospheric chlorine and bromine 
Michael J. Prather & Robert T. Watson 
NASA Headquarters, Code EDJ. W/ashington, DC 20546. USA 

The rise in atmospheric chlorine levels caused by 
the emission of chlorofluorocarbons and other 
halocarbons is thought to be the main cause of 
the appearance of the Antarctic ozone 'hole' in the 
late 1970s, and the more modest ozone depletion 
observed over parts of the Northern Hemisphere. 
Atmospheric bromine, also associated with 
halocarbon emissions, is believed to contribute to 
ozone depletion. Over the next decade, further 
increases in these compounds are inevitable. 
Model calculations show that by the end of the 
next century, atmospheric chlorine and bromine 
levels may return to those prevalent before the 
onset of the ozone hole, but only if more stringent 
regulations are applied to halocarbon production 
than those currently proposed. 

HERE we look at projected future levels of siratospheric chlorine 
for those compounds currently regulated under the 1987 
Montreal Protocol' (CFC-11, CFCI3; CFC-12, CFjCl,; CFC-
113, CFjClCFClj; CFC-114, CFXICF^CI; CFC-115, 
CF3CF2CI), for other gases not specified in the current Montreal 
Protocol (carbon tetrachloride, CCU; methyl chloroform, 
CH3CCI3; HCFC-22, CHF,C1), and for possible new hydro­
chlorofluorocarbons (HCFCs) suggested as substitutes for the 
CFCs. A subset of these scenarios is also examined to study the 
efieas of possible future increases in atmospheric bromine, 
resulting from emissions of halons as listed under the 1987 
Montreal Protocol (CFjBr, CFjClBr, CFjBrCF;Br) assuming 
constant levels of CHjBr. All these halocarbons accumulate in 
the troposphere, are then readily transported into the strato­
sphere, and along with CH3CI, constitute the source of reactive 
chlorine and bromine species that destroy O3. We focus on the 
bulk atmospheric abundances of these halocarbons as a direa 
measure ofthe concentration of chemically active chlorine and 
bromine species in the stratosphere, and hence, of the potential 
damage to stratospheric ozone. 

The total stratospheric abundance of chlorine compounds 
today is about 3 p.p.b. (parts per 10' molecules of air) and 
consists predominantly of the industrial halocarbons and their 
photochemical byproducts (for example, HCl and CIO). Re­
actions involving chlorine monoxide (CIO) and atomic chlorine 
(CI) are able to catalyse the destruction of stratospheric ozone 
on a global scale, and the CIO dimer plays a key part in the 
formation of the Antarctic ozone hole*. Bromine in the strato­
sphere, present at concentrations of-0.02 p.p.b. also contributes 
globally to ozone loss' *. Concentrations of BrO and CIO are 
greatly enhanced in the winter stratosphere over the Antarctic 
and Arctic. During the austral spring of 1987, bromine was 
estimated to be responsible for between 10 and 30% ofthe ozone 
depletion with chlorine being responsible for the remainder'"'. 

Atmospheric chlonflTcofTceritrations have increased from 0.6 
p.p.b. a century agoV̂ o 2 p.p.b. irf)the late 1970s when the ozone 
hole was recognized ToM^v^^^ftftt occurred'-' and are pow at 

more than 3 p.p.b. In the Southern Hemisphere the ozone loss 
over Antarctica, amounting to about 50% of the ozone column 
in the spring, coincides with significant declines (as much as 
10%) over the mid-latitudes during spring and summer' . In 
northern mid-latitudes, we have observed more modest ozone 
decreases in late winter and early spring, ranging from 3 to 6% 
in the ozone column over the past two decades". Recovery of 
the Antarctic ozone hole as we understand it, would nol occur 
until chlorine levels fall below 2 p.p.b. (henceforth, the 2-p.p.b. 
date), although recovery might also depend on changes in the 
Antarctic climate and concentrations of other trace gases such 
as methane. 

The largest ozone depletions in the fulure are expected to 
coincide with the peak chlorine loading of the atmosphere. 
Losses in the middle and^pper stratosphere are driven by 
chemical reactions of chlorine monoxide with atomic oxygen 
and occur on a global scale. Using only these gas-phase re­
actions, the ozone depletion predicted as chlorine increases from 
3 to 5 p.p.b. is modest, about 1-2% in the tropics and 4-6% at 
high latitudes''. In the lower stratosphere, ozone depletion 
through chlorine- and bromine-catalysed reactions is greatly 
enhanced by heterogeneous reactions occurring on the surfaces 
of polar stratospheric cloud particles, and occurs at high lati­
tudes during late winter and early spring. At present, global 
chemical models are unable to predict how the depth or extent 
of the ozone hole will change when chlorine increases to 5 p.p.b.. 
The rapid deepening of the Antarctic ozone hole.Qver the last 
decade demonstrates the extremely*«g^inear)espome of polar 
ozone to increasing chlorine levels.'we rnust be prepared for 
the possibility of new thresholds of accelerated ozone loss in 
the Arctic as chlorine concentrations reach new record levels. 

Chlorine loading and ODPs 
The relative contribution of individual source gases to total 
atmospheric chlorine for the year 1985 is shown below. The 
known natural sources of chlorine make up only 20% of the 
total, and the CFCs li^ed under the Montreal Protocol account 
for about 50%. The chlorine loading calculated here is the 
instantaneous, bulk tropospheric mixing ratio (p.p.b.) of 
chlorine atoms in the form of all the halocarbons listed below. 

Industrial sources 
CFC-11 22% 

CFC-12 25% 

CFC-113 3% 
CFC-114 < 1 % 

CFC-115 < 1 % 

HCFC-22 3% 
carbon tetrachloride 13% 
methyl chloroform 13% 

Natural sources 
methyl chloride 20% 

This definition is a conservative measure of the amount of 
stratospheric chlorine that may be active in catalytic ozone 
destruction. 

Ozone depletion potentials (ODPs) have been used to measure 
the relative contribution of different halocarbons toward 
destroying ozone"''*. The ODP of a halocarbon is calculated 
using a chemical model for stratospheric ozone and assummg 
that the gas is in steady state between its emission and removal 
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TABLE 1 Halocartxjn model 

Lifetime Flux Growth Concentra­ Factor 
Halocarbon (yr) (kt yr"^) (kt y r " ' y r -^ ) tion (p.p.t.) (kt p.p.t."') 

CFC-11 CFCIj 60 360 14.4 220 23.2 
CFC-12 CFjClj 120 450 18.0 375 20.4 
CFC-113 C2F3CI3 90 165 6.6 30 31.6 
CFC-114 C/4CIJ 200 15 0.6 5 28.9 
CFC-115 C2F5CI 400 10 0.4 4 26.1 
carbon tetrachloride ecu 50 80 3.2 100 25.9 
HCFC-22 CHFjCI 15 140 5.6 80 14.6 
methylchloroform CH3CCI3 6 600 24.0 130 22.4 
methylchloride CH3CI 1.5 

600 
600 

(sub. X) C.CI 15 0 19.3 
(sub. Y) C.CI 6 0 19.3 
halon-1211 CFjBrCI 15 10 0.40 1.5 27.9 
halon-1301 CFjBr 110 9 0.36 1.7 25.1 
methylbromide CHjBr 1.5 15 

Lifetime (yr) is the global abundance divided by the annual average loss rate; values are taken from recent reports"-'* using the AFEAS review" for 
species destroyed predominantly in the troposphere (CH3CCI3 and HCFC-22). Ruxes (kt yr"' = 1,000 tonnes per year) are based on estimates of production 
in the year 1985 and t̂otal 1,000,000 metric tons for CFCs alone. Growth (kt yr" 'yr" '), the increment to the flux each year from 1986 through 1990, is 
assumed to^be 4% yr"' for all industrial halocarbons; such increases are conservative estimates of growth in the production of CFC-11 and CFC-12 during 
this period . Concentration is the average tropqppheric mixing ratio used to initialize the model and is based on available observations". Factor (kt p.p.t.'') 
relates concentration (p.p.t.) to global content (kt), assuming the compound is well mixed throughout 95% of the atmosphere, t^ethyl chloride and methyl 
bromide concentrations are fixed. The concentration (CONC) in YR-H is calculated recursively from the equation CONC[YR-H] = CONClYRl xDECAY-h 
FLUXIYR + 1] x(l-DECAY) xLIFETIME/FACTOR where DECAY = exp (-1/LIFETIME). 

from the atmosphere. For most CFCs the time taken for atmo­
spheric concentrations to approach within 10% of steady-state 
conditions is more than 100 years. ODPs are usually defined 
relative lo CFC-11 (dimensionless) rather than in absolute units. 
ODPs therefore reflect the relative contribution of CFCs towards 
ozone destruction after nearly constant emissions <<̂ r a centunE^ 
Transient ozone depletion potentials have also been used'^^^ 
but they do not cleariy reflect the absolute contribution of 
different halocarbons to atmospheric chlorine concentrations. 

Most ofthe chlorine atoms in CFC-11 are photolysed in the 
lower stratosphere and thus are available to participate in the 
catalytic destruction of ozone at all altitudes in the stratosphere. 
Other CFCs. such as CFC-12 and HCFC-22, are photolysed 
more slowly, and most of their chlorine atoms are available only 
in the upper stratosphere or near the winter poles. (Air in the 
winter polar stratosphere seems to be photochemically aged"", 
having descended from the upper stratosphere.) For such com­
pounds, the model-derived ODPs (relative to CFC-11) will be 
less than the relative chlorine loading in these scenarios. A 
warning about the accuracy of ODP calculations must be made: 
the current assessment models are limited to gas-phase chemistry 
and predict future ozone depletion predominantly in the middle 
stratosphere; they do not predict the Antarctic ozone hole or 
the possibility of similar heterogeneously driven loss in the 
Arctic lower stratosphere. 

The model for halocarbons 
The data for halocarbons used in this model for chlorine- and 
bromine-loading are based directly on scenarios developed for 
the recent international ozone assessment'". The UNEP/WMO 
study focused primarily on scenarios leading to increases in 
atmospheric chlorine; our study examines approaches to reduce 
chlorine abundance. Two other differences are (1) the lifetime 
of HCFC-22 is taken here as 15 yr (ref. 14) rather than 20 yr 
and (2) we assume that the cutback in CFC emissions will occur 
in a specified year rather than being phased in over the period 
from 1996 to 2000. 

A simple numerical model is used to calculate the atmospheric 
abundances of the individual halocarbons, as described in 
Table 1. Fluxes ofthe chlorine- and bromine-containing species, 
except CH,C1 and CH,Br, are defined in each scenario, and 
reductions occur instantly at the end of the year. More detailed 
atmospheric models for the calculation of halocarbon concentra­
tions are available; however, increasing the complexity of the 
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model is not justified for this work because first-order uncertain­
ties, such as in the atmospheric lifetimes, overwhelm the 
differences between such models. 

The reference scenario is chosen as an optimistic lower 
baseline for chlorine loading and assumes control over the 
atmospheric emissions of all industrial halocarbons as a group 
(CFCs, e c u , HCFC-22, CH3CCI3 and the halons). It is initial­
ized in 1985, adopts conservative growth rates through 1990", 
freezes emissions into the atmosphere at the 1990 rate, and cuts 
all emissions to zero at the end ofthe year 2000. From then on 
the atmospheric abundances of chlorine and bromine change 
solely by the slow decay of gases already in the atmosphere. In 
scenarios where only a partial cutback is assumed, the fraction 
ofthe flux allowed to continue refers to 1985 emissions. 

Uncertainties 
In these calculations the absolute timing of the atmospheric 
response may be imprecise because of basic uncertainties in 
modelling atmospheric composition (for example, CFC life­
times) as well as simplifying assumptions particular to this 
model. For example, the stratospheric destruction of halo­
carbons is the predominant sink for CFCs and will lag emissions 
by about two years, the time it takes for air to travel from the 
upper troposphere to the middle stratosphere. In turn, the ozone 
depletion in response to halocarbons will be similariy delayed. 
Air over the winter pole may represent a mix of tropospheric 
halocarbons emitted over the past few years. These effects will 
be important only when tropospheric concentrations are chang­
ing rapidly and have nol been accounted for here. 

A more imponant and obviously systematic omission in these 
calculations is the failure to simulate the delay between halo­
carbon production and emissions. Depending on use, the halo­
carbons produced in a given year may not be emitted into the 
atmosphere until several years later. For example, CFC-11 used 
in blowing closed-cell insulating foams may take more than ten 
years to escape into the atmosphere, and CFC-12 used in her­
metically sealed refrigeration systems will not be released until 
the refrigerant coils break, on average 20 years later. This 
accumulation of CFCs makes it diflScult to slop emissions (as 
in the reference scenario) immediately on cessation of produc­
tion. On the other hand, some applications will have little delay 
between production and emission: CFC-113 and CH,CC1, are 
used primarily as cleaning agents, and their production refiects 
the amount lost during the cleaning process, presumably to the 
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TABLE 2 Peak chlorine loading and date to reach 2 p.p.b. 

Peak chlorine 2-p.p.b 

Option Scenario (p.p.b.) date 

1 1995 (100% cut) 4.24 2055 

2000(100% cut. ref.) 4.78 2073 

2005 (100% cut) 5.28 2091 

2 2000 (90% cut) 4.78 2175 

2000 (80% cut) 4.78 never 

4 2000/2015 (90/10% cut) 4.78 2079 
2000/2015 (80/20% cut) 4.78 2084 

5 1995/2000 (50/50% cut) 4.24 2063 

7 lifetimes - 2 5 % 4.47 2053 

lifetimes -1-25% 5.01 2095 

atmosphere. As of 1987 the total amount or 'bank' of CFCs in 
products with an average retention time of >2 yr is estimated 
to be <2yr of the annual production of all CFCs'''. The net 
effect of such CFC accumulation may have similar results to a 
delay in compliance with CFC cuts (see option 4 below). 

In spite of these uncertainties in the timing of atmospheric 
effects, the relative changes in peak chlorine loading or in the 
2-p.p.b. date for each of the options considered below should 
be accurate. 

Suggested halocarbon substitutes 
The fundamental property of the substitute compounds that 
makes them more environmentally acceptable is a shorter atmo­
spheric lifetime (<50 yr) so that they do not accumulate to large 
steady-stage concentrations. Substitution levels assume a kg-per-
kg replacement (in %) of the sum of halocarbon cuts referenced 
to their 1985 emission levels (1,000 ktyr ' ' of CFCs, SOktyr"' 
of e cu , 140 kt yr"' of HCFC-22, 600 kt yr"' of CH3CCI3). The 
focus here is on stratospheric ozone rather than greenhouse 
warming and thus on substitutes containing chlorine. (Halon 
substitution by bromine compounds is not considered.) The 
Intemational Technical Panel (part of the UNEP assessment'") 

a. 

in 1995 
in 2000(rel.) 
in 2005 

0 I — 
1980 2000 2QiO 

Year 
2060 

a. 
d 

5' 

0 
1980 

relerence 
. 90% CJI 

80% cul 
. . . . 50% cul 

no GUIS 
' l _ 

2020 2000 2040 
Year 

2060 

FIG. 1 a, Effect on chlorine concentrations of a 100% cut in all halocarbons; 
b. Partial cut in all halocarbons by year 2000. 
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predicts 30% of the CFC market (350 kt yr ' ' in 1985) could be 
replaced by short-lived substitutes containing chlorine, and that 
this market will grow at 3%yr"' until terminated. Estimates 
from the chemical industry are similar'". Substitution for CCU, 
HCFC-22 and CHiCCI,—if these compounds were phased 
out are likely not to involve chlorinated replacements. Hence, 
in the reference scenario with a complete cut in all halocarbons 
(1,820 ktyr"' in 1985), the industry predictions would corre­
spond to an initial substitution rate of about 20% in these 
scenarios. 

Two surrogate compounds are chosen as arbitrary examples 
of possible replacements for the CFCs and are described in 
Table 1. Compound X has a lifetime of 15 yr (like HCFC-22), 
a single chlorine atom, a mean molecular weight of 115, and 
hence a steady-state chlorine loading factor of 0.10 relative to 
CFC-11. Compound \ has a lifetime of 6yr (like CH3CCI3), a 
single chlorine atom, a mean molecular weight of 115, and hence 
a steady-state chlorine loading factor of 0.04 relative to CFC-11 
(about one-third that of CH3CCI3). These substitutes are simply 
examples and do not correspond to any specific fluorocarbon . 

Environmental objectives 
Several objectives must be considered when regulating the 
emissions of CFCs and halocarbons: (1) return chlorine loading 
to pre-industrial levels; (2) reduce chlorine abundances as soon 
as possible to those prevalent before the Antarctic ozone hole; 
and (3) minimize the peak chlorine loading ofthe atmosphere. 

The pre-industrial atmosphere, insofar as chlorine is con­
cemed, is not an achievable goal on a timescale of centuries, 
namely, the time to remove the present burden of CFCs from 
the atmosphere. Even in the reference scenario (complete 
phaseout of CFCs by the year 2000), chlorine levels remain 
above 1 p.p.b. until the year 2190. The more realistic goal (2) 
may be environmentally justified because the increase in atmos­
pheric chlorine from pre-industrial levels up to the identification 
of the ozone hole was neither observed nor predicted to result 

d. 

a relerence a 
25% X 
50% X' 

100% x 
. . . . 25% Y 

\ 100% Y 

9 

2010 

Year 

2100 

Z 2 

relerence 
100% X (2045) 
100% Y (2045) 
50% X (2100) 

. . . . 50% Y(2100) 

1980 2000 2020 2040 

Year 

2060 2080 2100 

FIG 2 Effect on chlorine concentrations from use of substitute compounds 
for (a) 30 years and (6) 45 years and beyond after the complete phaseout 
of halocarbons in the year 2000. 
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in decreases of column ozone greater than a few per cent'. Goal 
(3) may be viewed as reducing both global ozone depletion and 
the potential for an ozone hole in the Arctic. A number of 
scenarios are chosen to examine the possible options or controll­
ing emissions that will affect the attainment of goals (2) and (3). 
Option 1. Timing of the phaseout in CFCs, CCI4, CH3CCI, and 
HCFC-2Z We examine the environmental impact of eliminating 
the emissions of all halocarbons as a group (CFCs, CCI4, 
CH3CCI3 and HCFC-22) by the end of years 1995, 2000 (refer­
ence case), and 2005, without substitution of any new chlorine-
containing compounds. Figure lo and Table 2 show that each 
five-year delay in the phaseout of these chemicals results in the 
peak chlorine loading increasing by about 0.5 p.p.b. (87% of it 
due to the CFCs) and in the date by which atmospheric chlorine 
will drop below 2 p.p.b. increasing by about 18 years. The critical 
factor determing the 2-p.p.b. date is the timing of the phaseout 
of the long-lived halocarbons (CFCs and CCU), not the short­
lived halocarbons (CH3CCI3 and HCFC-22). Accumulation of 
the long-lived CFCs, as well as laxity in compliance with the 
phaseout (see options 2 and 4), make the date for effective 
cessation of CFC emissions slip further tnto the future. 
Option 2 Incomplete phaseout of halocarbons. Here we examine 
the impact of a partial phaseout in the emissions of all current 
industrial halocarbons without any substitution of new chlorine-
containing halocarbons. All reductions (90%, 80%, 50%) refer 
to 1985 emissions and occur at the end of year 2000; the scenario 
without reductions (0%) continues 1990 emissions until the year 
2100. 

Figure 16 shows that substantial although incomplete cut­
backs in halocarbons (80-90%) can rapidly reduce chlorine 
loading. In these cases, atmospheric chlorine concentrations 
peak in the year in which the cuts are made, but the decrease 
in chlorine loading is slowed, and its asymptotic steady-state 
value is significantly raised by continued emissions at the 10-20% 
level. In the reference case (100% reduction), the 2-p.p.b. date 
is 2073 (see Table 2). With a 90% reduction, the chlorine loading 
reaches 2.4 p.p.b. in the year 2100 and falls below 2 p.p.b. after 
the year 2175. With an 80% reduction, the chlorine loading is 
3.1 p.p.b. in the year 2100 and approaches a steady-state limit 
of ~2.8 p.p.b. With 50% reductions the chlorine loading drops 
briefly after the year 2000 and then rises above 5.3 p.p.b. by the 
year 2100. Without a cutback (0%) the chlorine abundance in 
the atmosphere rises rapidly, exceeding 8.5 p.p.b. by the year 
2050 and 10.5 p.p.b. by the end of the twenty-first century. 
Option 3 Substitution of alternative compounds X and Y. Here, 
the complete phaseout in the year 2000 (100%= 1,820ktyr"') 
is followed by the use of substitute compounds X or Y at constant 
rates (25%, 100%) or at an initial rate (50%) that grows by a 
factor of 1.03 each year thereafter. The scenario with 3% yr"' 
growth (denoted by 50% X* in Fig. 2a) becomes equivalent to 
the constant 100% scenario by the year 2030 and would greatly 
exceed that level if continued. In general, we have limited the 
period of substitution to 30 years (2001-30), but in some cases 
it is extended to 45 years, or continued indefinitely. Results are 
shown in Figure 2. (The effect of a 45-yr substitution with Y is 
discussed below.) 

The maximum chlorine loading occurs at the time of phaseout 
of CFCs for these cases. Modest substitution for the years 2001 
to 2030 (25% with X or 50% with Y) still results in rapid' decreases 
in chlorine loading after the year 2000; the added burden on 
top of the reference scenario is never more than 0.3 p.p.b.. In 
the case of 100% substitution with compound X, however, 
chlorine loading remains high, above 4 p.p.b., to the year 2032. 
Equivalent substitution with compound Y has a much smaller 
impact on atmospheric chlorine because ofthe shoner lifetime. 

The added chlorine loading associated with substitution drops 
rapidly when emissions of these short-lived compounds cease; 
—86% of the compound will be destroyed within two lifetimes 
(30 yr for X and 12 yr for Y). The 2-p.p.b. date is delayed by 
four years at most if compound X is phased out before the vear 

2030 or compound Y, before the year 2045. With indefinite 
substitution even at the 50% level, however, it is difficult, if not 
impossible, to achieve chlorine concentrations below 2 p.p.b. by 
the end of the twenty-first century. 
Option 4 Delayed compliance of the phaseout by some producers. 
Here halocarbon emissions are cut substantially (80-90%), and 
the remaining fraction (20-10%) of their 1985 emissions are 
allowed to continue for 15 years until the end of year 2015. 
Substitution of compounds X and Y is considered as above, but 
with a 15-yr lag in fraction of emissions by the non-compliant 
producers (extending to the year 2045). Results are summarized 
in Figure 3 and Table 2. 

An 80-90% cut (as in option 2) immediately reduces the peak 
chlorine loading in the year 2000. Furthennore, limiting the 
non-compliance to 15 yr results in only a 6 yr (90% cut) or 11 yr 
(80% cut) delay in the 2-p.p.b. date. When substitutes (X or Y) 
are added on top of the delayed phaseout, the largest increase 
in chlorine loading (relative 10 the corresponding substitution 
scenario in option 3) occurs just before the final halocarbon 
cuts (2015) and ranges from 0.2 p.p.b. (90% cut) to 0.4 p.p.b. 
(80% cut). In the case where 20% of the phaseout is delayed 
until the year 2015 and there is 100% replacement by compound 
X, the peak chlorine loading in the year 2000 (4.78 p.p.b.) is 
maintained out to the year 2015 (4.72 p.p.b.) and drops only 
slowly by the year 2030 (4.45 p.p.b.). Overall the greatest impact 
of this 15-yr delay in phaseout is to extend the duration of 
higher chlorine levels over the first quarter of the 21st century. 
Option 5 A graduated phase-in of halocarbon cute. Here we 
consider a two-step reduction in halocarbons (CFCs, CCU, 
CH3CCI3 and HCFC-22), first, to 50% of their 1985 levels at 
the end of year 1995 and, second, to a complete phaseout in 
the year 2000. This scenario is a hybrid of the 1995 and 2000 
phaseouts in Option 1. Substitution is considered, also being 

d 
d 

no subs 
100% X 

. . . . 100% Y 

2020 2040 
Year 

X> 4 
d 

reference 
no subs 
100% X 

. . . . 100% Y 

1980 2000 2020 2040 2060 
Year 

FIG. 3 Effect on chlorine concentrations of delaying the phaseout of final 
10% of halocarbon emissions (a) and the final 20% of halocarbon emissions 
(6) by 15 yr. 
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phased in over 5 yr as with halocarbons. Results are given in 
Figure 4a and Table 2. 

This complex scenario may be a more realistic outcome of 
current approaches to implement the Montreal Protocol and 
eliminate halocarbon emissions, recognizing that parts of the 
CFC market can phase out earlier, and including the effect of 
CFC accumulation in delaying release to the atmosphere. The 
history of chlorine abundance from this 50%/50% scenario lies 
between that ofthe year-1995 phaseout and that ofthe year-2000 
phaseout. Peak chlorine loading occurs in 1995, and the 2-p.p.b. 
date is 2063, about 10 years eariier than in the reference case. 
Moderate substitutions (50% with X or Y) until the year 2030 
give chlorine loadings in the latter half of the twenty-first century 
that are indistinguishable from the reference case. 
Option 6 Continued use of CH3CCI3. Methyl chloroform is a 
short-lived halocarbon (lifetime ~6yr) with propenies similar 
to some CFC altematives; continued use would be equivalent 
to substitution with 1,800 ktyr"' of compound Y. Here we 
examine the impact of CHjCCl, on chlorine loading by eliminat­
ing the emissions of CFCs, CCU and HCFC-22 in the year 2000, 
but continuing CH3CCI, emissions at 1990 levels until the 
year 2030. Results are summarized in Fig. 46. 

The phaseout of CH3CCI3 contributes to the rapid fall in 
chlorine loading after the year 2000 in the reference scenario, 
because the gas contributes about 0.5 p.p.b. to the total chlorine 
loading and is eliminated quickly from the atmosphere. 
However, continued use of CH3CCI3 for 30 yr gives no increase 
in the peak chlorine loading and little change in the 2-p.p.b. 
date. Owing to the accumulation of CFCs, a simultaneous cut 
in production of both CH3CCI3 and CFCs results in an almost 
immediate cessation of CH3CCI3 emissions and an extended 
period of CFC release. Under such circumstances, continued 
use of CH3CCI3 might lead to increases in the peak chlorine 
loading relative to the reference scenario, but this situation does 
not apply because the current CFC bank is not large enough. 

reference 
-no subs 

50% X 
. . . . 50% Y 

0 I — 
1980 

Option 7 Uncertainty in the atmospheric lifetimes of halocarbons. 
Here we examine how predicted chlorine loading is affected by 
a ±25% uncertainty in the halocarbon lifetimes. Such ranges 
are extreme (for example, CFC-11 lifetimes vary from 45 to 
75 yr) and cover the most probable range in CFC lifetimes from 
current atmospheric models and from budget analyses using 
observations and historical emissions'''"^'. Results are given in 
Fig. 5 and Table 2. When halocarbon lifetimes are reduced by 
25%, the more rapid destruction of these compounds lowers the 
peak chlorine concentration by 0.3 p.p.b. (to 4.5 p.p.b.) and 
reduces the 2-p.p.b. date by 20 years (to the year 2053). When 
lifetimes increase by 25%, the peak chlorine concentration rises 
by 0.2 p.p.b. (to 5.0 p.p.b.) and extends the 2-p.p.b. date to the 
year 2095. 

The uncertainty in predicting atmospheric chlorine concentra­
tions following a halocarbon phaseout is not large, only a few 
tenths of a p.p.b.. If these uncertainties in the atmospheric 
models are resolved in the near future, then the scenarios con­
sidered above (options 1-6) may need to be shifted as a group, 
but the calculated relative differences should be robust. 
Option 8 The impact of halon emissions on bromine loading. The 
change in bromine loading is calculated from the emissions of 
the halons 1301 (CF3Br) and 1211 (CFXlBr); halon 2402 
(CF^BrCFnBr) is assumed to be negligible at present and in the 
future. (Short-lived compounds such as bromoform, CHBr3, are 
expected to coniribute little to stratospheric bromine.) This 
scenario is similar to that for chlorine loading and examines 
the effects of cutting halon emissions by 100%, 80% and 50% 
of their 1985 levels, as well as freezing emissions (0% cut) at 
their 1990 levels. Results are shown in Fig. 6. 

In 1985 the halons 1301 and 1211 together contributed about 
one-sixth of the total bromine loading. If their emissions 
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FIG. 5 Sensitivity of chlorine concentrations to uncertainties in the atmos­
pheric lifetimes of CFCs and other halocarbons. 
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' continued at the estimated 1990 produaion levels then the 
atmospheric abundance of bromine in the future would approxi­
mately triple from about 18 p.p.t. (parts per 10'̂ ) (3 p.p.t. halons) 
in the year 1985 to 53 p.p.t. (38 p.p.t. halons) by the year 2100. 
In these calculations CH3Br remains constant; but observa­
tions - suggest that large sources are associated with northern 
continents and human activity (for example grain fumigation). 

To evaluate the impact of bromine increases, it would be 
useful to define a factor relating bromine-catalysed destruction 
of ozone to that of chlorine. Such a simple faaor is difficult to 
derive because ozone depletion is occurring over a wide range 
of photochemical environments, ranging from global scales in 
the upper stratosphere (near 40 km altitude where bromine 
contributes little to the restriaed environment of the Antarctic 
ozone hole (near 20 km altitude where BrO is part of a key 
catalytic cycle). Further, much of the bromine-catalysed loss 
depends on the CIO abundance. One can estimate this factor 
to be about 30 (refs 7-10) with a large uncertainty ranging from 
10 to 50. With a freeze on halon emissions (0% cut) the increase 
in bromine loading by the year 2100 is -35 p.p.t., or the 
equivalent of adding ~1 p.p.b. of chlorine to the atmosphere. 

Conclusions 
We must constrain our emissions of chlorine- and bromine-
containing compounds to reverse the ozone depletion that has 
occurred to date and to reduce the potential for even greater 
ozone losses in the future. These objeaives require a truly global 
effort and cannot be achieved by the action of a single industry 
or group of nations. A phaseout of almost all emissions of 
halocarbons is needed in the next century in order to decrease 
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Ideally, we should cease emissions of CFCs and other halo­
carbons immediately. All other options result in enhanced levels 
of stratospheric chlorine and bromine sometime in the future. 
In reality, we may need to accept compromises to achieve global 
cooperation with a halocarbon phaseout eariy in the next cen­
tury. We have therefore examined possible options of delayed 
and partial compliance as well as substitution of long-lived 
CFCs with short-lived HCFCs. The purpose of these scenarios 
is to identify options that do not substantially enhance the risk 
of greater ozone depletion. 

The environmental goals outlined above might best be 
achieved if we phase out production/emission of long-lived 
halocarbons (CFCs and CCU) as soon as possible; achieve as 
great as possible compliance with an immediate phaseout of 
CFCs and CCU at the expense of substituting short-lived 
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emissions of abundant, short-lived halocarbons, particulariy 
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chlorine loading; phase out the chlorine-containing halocarbon 
substitutes sometime by the middle of the next century; and 
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80% or more) the production of halons, especially the long-lived 
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Nonlinear forecasting as a way of 
distinguishing chaos from 
measurement error in time series 
George Sugihara* & Robert M. May' 
• Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California 92093 USA 
T Department of Zoology, Oxford University, Oxford. 0X1 3PS, UK 

An approach is presented for making short-term 
predictions about the trajectories of chaotic 
dynamical systems. The method is applied to data 
on measles, chickenpox, and marine phytoplankton 
populations, to show how apparent noise associ­
ated With deterministic chaos can be distinguished 
from sampling error and other sources of externally 
induced environmental noise. 
734 

Two sources of uncertainty in forecasting the motion of natural 
dynamical systems, such as the annual densities of plant or 
animal populations, are the errors and fluctuations associated 
with making measurements (for example, sampling errors in 
estimating sizes, or fluctuations associated with unpredictable 
environmental changes from year to' year), and the complexity 
ofthe dynamics themselves (where determini.stic dynamics can 
easily lead to chaotic trajectories). -' 

Here we combine some new ideas with previously developed 
techniques'-^ ' " - - ' t o make shon-term predictions that are 
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Executive Summary 

Recent Major Scientific Findings 

Over the past few years, there have been highly significant «ivances in the understanding 
of the iiimaa of Lnan activities on &e Earth's stratospheric ozone Uycr and the b^^^ . 
chSgSlhSScomposition on the radiative balance of the diioate system. Specifically, since 
S t intemational scieiJtiSc review (1989), tiierc have been five major advances: 

Global Ozone Decreases: Ground-based and satellite obsewations continuĉ to show 
decreases of total column ozone in winter in the northem temisphwe. FOT the fest^ 
there is evidence of significant decreases in spring and smmer m botii ̂ e ^ ^ ^ and 
southem hemispheres at middle and high latimdes, as well as m J ^ / 
trends in ozone have been observed in die tropics. These downward trends were lar^r 
S g die 1980s tiian in tiie 1970s. TTie observed ozone decreases have been occurred 
predominantiy in the bwer stratosphere. 

Polar Ozone: Strong Antarctic ozone holes have continued to occur and, in ̂ F^of Ae 
S v e ye^, have been deep and extensive in area, ntis a,nt^ts to tiie situation m tiie 
S K ^ l i e r e die deptii 2d aita of die ozone hole exhibited f q ^ , ^^"^^ 
SSuitioi^. l^ge increases in surface idtraviolctradmnon have beenobservwim 
A ^ S a diifflperiods of low ozone. While no extensive ozone losses have occurred m 

S c o ^ J ^ ^ t h o i observed in die Antarctic localize! Arctic ozone losses have 
S S n X i ^ S winter concurrent with observations of elevated levels of reactive 
chlorine. 
Ornne and Industrial Halocarbons: Recent laboratory research and re-interpretatioa 

• S mi^^nuia^strenethened th. evidence that the ~ hofc ĵ ^ 

latitudes and in die Arctic. 

n ône and Climate Relations: For the first time, die observed global lower-
* Sspĥ lol̂ depl̂ ^̂  

balance of the atmosphere. The results indicate tiiat, over die last deface, me obswvea 
oŜ ne d5eS>ns have tended to cool die lower ^t^J^f J^'t^f^^^^^ 
ktitudes'̂ Temperature data suggest that J ^ ^ ^ ^ S 2 ^ ^ ^ ? ^ ' g ? s w^^^ 
obseived lower-stratosphenc ozone changes rtie 

^ ^ ^ ^ 
past decade. 

±^?Xl^jS -e^ i=shavebeenreca l cu la ted .Hov .ever ,h^^ 
S ^ p k B S a a d i o g ^ t r c p o s p h e r i c ^ 
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Supporting Evidence and Related Issues 

Global Ozone 
. Independent observations from die ground-based Dobson and M-83/124 instruments 
and tTe TOMS sateUite instrument all show, for die fî time. tiiat there 
d^ies in total-column ozone, after accounting for Imown natural vanabdity, in wm cr 
S S w iTspring and summer in botii die nortiiem and soudieni hemispheres at middle 
^ S S S ! . but not in die tropics. The following table illustrates some of diese 
points. 

n̂ nnP. Tn>.nds (% pcf ']^'^^- with 95% confidgnĉ  Hmitsl 

Season 

TOMS: 1979-91 
45'S Equator 45*N 

Ground-based: 26*N - 64'N 
1979-1991 1970-1991 

Dec-Mar 
May-Aug 
Sep-Nov 

-5.2 ± 1.5 +0.3 + 4.5 -5.6 ± 3.5 
-6.2 + 3.0 +0.1 ± 5.2 -2.9 ± 2.1 
-4.4 ±3.2 +0.3 ±5.0 -1.7 ± 1.9 

-4.7 ± 0.9 -2.7 ± 0.7 
-3.3 ± 1.2 -1.3 ± 0.4 
-1.2 ±1.6 -1.2 ±0.6 

. Tĥ re i« strons combined observational evidence from baUoonsonoes, grouna-Ddscu 

SS«»^ssrt:r»^e.^^»-
near 20 km). 

SSr^ taiSqualitativdy consistent'widi dieorctical predicnons. but are smaller m 
magiutude. 

injected by aircraft. 

sense of tiiat expected fnom die obseived ozone change. 

. Increases continue in tiie atmospheric abundances of soipcgas^&ataff^^ 
L S ^ e S : Altiiough nitiiane has continued to u ^ ^ ^ e a ^ h ^ d i e 
S^Xcreasehas slowed, f<^«S^.*^;,^,",?^r^^ 
SwXhlS^SeTho^v^^^ 

to enhanced abundances of reactive chlorine species. 
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• Limited observations suggest that the abundance of chlorine monoxide (CIO) in die 
lower stratosphere at nonhem middle ktitudes is greater dian diat predicted by models 
containing only currendy known gas-phase chemisuy. and tbe observed seasonal and 
latitudinal dependences arc inconsistent v/ith those prallctcd. Some new studies that 
incoipcffate currendy known heterogeneous processes proNdde an improved siniulation for 
some obseived gases, such as QO and nitric acid. 

• Present models containing only gas-phase processes cannot simulate die observed 
seasonal ozone depletions at middle and hi^ latitudes. However, models incorporating 
currently known heterogeneous processes on sulfate aerosols predict substantially greater 
ozone depletion (e.g., a factor of 2 - 3 at middle latimdes) &om cldorine and bromine 
compounds compared to models containing only gas-phase processes. Indeed, the 
heterogeneous rribdels simulate most of die obsaved trend of column ozone in middle 
latitudes in summer, but only about half of that in winter. 

• There is not a full accounting of the observed downward trends in global ozone. 
Plausible mechanisms include (i) local heterogeneous chemistry oa stratospheric sulfate 
aerosols (as evidenced by, for example, elevated levels of QO and die presence of sulfate 
aerosols at die altinides of die observed ozone depletion) and (ii) the transport of bodi 
ozone-depleted and chemically perturbed polar air to middle latitudes (as evidenced by high 
levels of reactive chlorine and low levels of reactive nitrogen, which is a characteristic of 
chemically perturbed polar air). Although other possible mechanisms cannot be ruled out, 
tiiose involving chlorine and bromine appear to be largely responsible for die ozone loss 
and are the only ones for which direct evidence exists. 

• Since the middle latitude ozone losses are apparentiy due in large part to chlorine and 
bromine, greater ozone losses are expected as long as the atmospheric levels of diese 
compounds continue to increase. Widi tiie increases in flie levels of chlorine and bromine 
diat are estimated for die year 2000, the additional ozone losses during die 1990s are 
expected to be comparable to those already observed for die 1980s. 

• There are numerous ways in which further increases in stratospheric halogen 
abundances can be reduced. The table below illustrates the effects of reducing die 
emissions of several types of halaocaibons. Four aspects are shown: (i) die change in peak 
chlorine loading, (ii) die times at which chlorine abundances have decreased back to 2 ppbv 
(die abundance in die late 1970s, which is when die Antarctic ozone hole started and when 
the accelerated trends in total-column ozone losses in the northem hemisphere began); (iii) 
die times at which chlorine abundances have decreased back to 3 ppbv (die abundance in 
die mid-late 1980s); and (iv) a measure of die cumulative ozone loss for die time period diat 
die chlorine levels are above 3 ppbv. All of die values in the table arc rclativc to die 
reference scenario (AA). 
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Scenario*! for Reducinp Chtorine Kmissions 

Scenario Peak a (ppbv) Yearat3ppbv Year at 2 ppbv Integral 
(Cl>3 ppbv) 

AA 4.1 (ppbv) 2027 2060 22.7 ppbv-yr 

AA3 -0.18 -10 yrs -7 yrs -7.6 
D -0.03 0 0 -1.3 
D3 -0.10 0 0 -2.9 
E 0.00 -7 -3 -2.0* 
E3 -0.03 * -10 -3 -4.4 * 

F20 +0.01 0 0 +0.8 
F40 +0.02 +1 0 +1.5 
G20 +0.01 +5 +2 +4.2 

AAS +D3 -0.21 -11 -7 -10.4 

than chlorine loading. 

Definitions of scenarios; . ^ ^ . . * 
AA: Montreal Protocol (10 yr lag of 10% of CFCs plus CCI4; no lag for 
CHiCCltand Halons). •HCFC.22 increases at 3% per year from 1991 to 2020, 
ramps to 0 by 2040. No substitution of CFCs with HCFCs. 

0 Non-substitution scenarios: 
AA3:3 year acceleration of CFCs and CCI4 schedules. 
D: 3 year acceleration of CHsCQs schedule. 
D3: CH3CCI3 on die accelerated CFC phase-out schedule. 
E: HCFC-22 ramp to zero between 2000 and 2020. 
E3; HCFC-22 on die accelerated CFC phase-out schedule. 

0 Substitution scenarios: 
HCFC substitutions begin in 1995, no growdi to 2000,3% per year to 2020, i^p to zero by 
2030. HCFC-A has a 2 year lifetime, one chlorine, and an ODP of 0.013. HCFC-B has a 20 year 
Hfetime, one chlorine, and an ODP of 0.13. 
F20:20% initial substimtion, HCFC-A. 
F40: 40% initial substitution, HCFC-A. 
G20:20% initial substimtion, HCFC-B. 

. Stratospheric bromine is 30 -120 times more efficient tiian stratospheric chlorine in 
destroying ozone on a per atom basis. Therefore, 1 pptv of stratosphenc bromine is 
equivalent to 0.03 - 0.12 ppbv of stratospheric chlorine. 

Polar Ozone 

• The Antarctic ozone hole in 1991 was as deep and as extensive in area as diose of 1987, 
1989 and 1990. The low value of total-column ozone measured by TOMS in early 
October in 1991 was 110 Dobson units, which is a decrease <rf about 60% compared to die 
ozone levels prior to die late 1970s. The previously noted quasi-biennial modulation of the 
severity of die ozone hole did not occur during die past tiiice years. This apparent lack of 
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variability in recent years may imply that halogen chemistry is becoming dominant over 
dynamically induced fluctuations on Antarctic ozone depletioiL 

• Recent laboratory studies of heterogeneous processes, reevaluated field measurerpents, 
and modeling studies have strengdiened die confidence dia: die cause of die Antarctic ozone 
hole is primarily chlorine and bromine emissions. 

• High concentranons of GO have been observed in winter in die Arctic stratosphere 
between 16 -20 km. TTiese observations have been incorporated into diagnostic models 
diat have calculated localized ozone depletions of about 10% at diese altitudes over a period 
of about a mondi, which are consistent widi concurrent ozone measurements. 

Ozone/Climate Relations 

• The ozone losses observed in die lower stratosphere over die last dscods: are predicted to 
have increased the visible and ultraviolet inconung solar radiation reaching the 
surface/troposphere system and decreased die downward infrared radiation reaching die 
surfaĉ oposphere system. For models diat allow fee die temperature of die stratosphere 
to adjust to die loss of ozone, die net effect is a decrease in radiative forcing. For middle 
and high latimdes duoughout die year, die magnitude of diis decrease may be larger dian 
die predicted increases in die radiative forcing due to die increased abundances of CFCs 
over the last decade. Indeed, diis ozone-induced decrease in radiative forcing could be 
offsetting a significant fraction of die increased forcing attributed to die mcreases m tiie 
abundances of all greenhouse gases over, die same period. Changes in die global annual-
average radiative forcing due to die observed ozone depletion are predicted to be 
comparable in magnimde, but opposite in sign, to tiiose attributed to die CFCs over tiie last 
decaiie. 

• Current tropospheric models exhibit large_ differences in dieir predictions of changes in 
ozone, die hydroxyl radical, and otiier chemically active gases due to eraissionsof 
mediane, nonmediane hydrocarbons, carbon monoxide, and mtrogen oxides. This anses 
from uncertainties in die knowledge of background chemical composition and an 
inadequate understanding of chemical leactions and dynamical processes. Hence, tiiese 
deficiencies limit die accuracy of predicted changes in die abundance and distribution of 
tropospheric ozone, which is a greenhouse gas, and in die lifetimes of a number of oOier 
ereenhouse gases, including die HCFCs and HFCs. which depend upon die abundance of 
me hydroxyl radical. 

Ozone Depletion and Global Wamiing Potentials (ODPs and GWPs) 

• Steady-state and time-dependent ODPs have been recalculated widi improved models 
diat have incorporated more-accurate reaction ratt coefficients and absorption cross secuons 
and known heterogeneous processes on sulfate aerosols. The numerical values are 
generally similar to diose in previous assessments. 

. A new semi-erapiricaJ, observation-based mediod of calculating ODPs has been 
devetoped The resulting values are generaUy larger (up to a factor of two as cornpared to 
some model-based estimates) for species witii long stratospheric hfeumes (e.g., HU-C-i^ 
and HCFC-142b) and slightiy smaller for species widi short stratospheric kfetunes (e.g., 
carbon tetrachloride and mediyl chioiDform). Since dus approach utilizes more 
atmospheric observations and less model calculations in charactenzmg polar ozone losses, 
it is considered to be better dian standard model ODPs, at least in tiie polar regions. 

. The direct GWPs (widi five different time horizons: 20,5a 100,200, and 500 years) 
for tropospheric, well-mixed, radiatively active roecies have been recalculated usmg 
updated lifetimes for mediane, nitrous oxide, and die halocarix>ns and following Uie same 
methodology of IPCC (1990). Widi die exception of metiiane, new GWP results indicate 
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only modest changes from die IPCC values, but uncertainties still exist in tiiese cakulations 
due to limitations in knowledge of die cadxn cycle. 

. Because of incomplete understanding of tropospheric chemi^ processes, die imSrect 
G W P ^ ^ ^ h ^ r̂ oi been quantifkd reliably at the time of tius report, altiiough 
S^ve^S^quantificatioiofuncerta^tiesintiiene^^ The 
S o f die net changes in radiative forcing fr^ known mdirea efiecte havebwn 
c s S S f o r K)me of die trace gases: mediane, cari»n monoxide, and nonmediane 
h v ^ a S n ^ S I are all positive. The sign of die changes in radiauve forcing due_to , 
K S ^ ^ d e s camiot c^ndy be es^^^ F u i t o ^ t h e basic concept of a 
SwP mfy ind^ prove to be inapplicable for die very ôrt-Uvcd, inhomogeneously 
mSed EaLs such as die nitrogen oxides and die nonmediane hydrocarboiis. Hence, the 
^ ( 1 ^ ) S r S t GWPS L not only uncertain, but many are also hkely to be uicorrect 
(e.g., for die nitrogen oxides). 

Related Issues 

. T Titr̂ vinlet Tadiation. Significant increases in ultraviolet radiation have been observed 
o v e r S c S S u n c t i o n widi periods of intense ozone dep eoon. Under clear-sky 
SSwSSTese inS^a^^ are consSt widi theoretical pre^nons F^^h^re. a 
S S S ^ a t i v e Amplification Factor of 1.25 ±020 ha^b(»n '̂ edû ^̂ ^ 
SSneous measuiemeSts of column ozone and surface ^5^^^^^^°°^.^^"^"^^ 
s™which is in agreement widi a model-calculated value of 1.1. 'Hierefore, for tiie fi^ 
tiS;, the r̂ ônse of ground-level ultraviolet radiation to changes m column ozone has 
been observed and quantified. 

r ^ ' t 7 ^ ^ ^ ^ l ^ ^ ^ m r ^ o n : o n s d f a t e aemsol. 

as part of a separate assessment 

^̂ 1̂̂ .̂ 52!vî "̂<L ân025%ofdieannualstrâ ^ . . 

several launches of die Space Shutde. 

Mt. Pinatubo. sabstandaUy " ' ^ . J ' S o t ^ S S S o S o n s Jesses can lead to 

^^aScool&eEailb'sstttficebyatnuchsimneramomiL 
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diiea radiative forcing of die clear-sky noidiem hemisphere is oppoate to diat due to die 
greenhouse gases and is estimated to be a substantial fraction of die trace gas forcing. 

Implications for Policy Formulations 

The findings and conclusions of die research of die past few years have several major 
impUcations as input to policy decisions regarding human-infiuenced substances diat lead to 
stratospheric ozone dq)letions and to changes in die radiative forcing of die climate system: 

• Continued global ozone losses; Even if tiie control measures of tiie amended 
Montreal Protocol (London, 1990) were to be ingilemented by all nations, die cuirent abundance of 
stratospheric chlorine (3,3 - 3.5 ppbv) is estimated to increase dunng the next several ye^, 
reaching a peak of about 4.1 ppbv around die tum of die century. Widi dicse mcreases, die 
additional Middle-latitude ozone losses during die 1990s are expccted to be cornparable to diose 
observed during die 1980s, and diere is die possibility of incurring v^de-spread losses m tiie 
Arctic. Reducing these expected and possible ozone bsses requires further limitations on the 
emissions of chlorine- and bromine-containing compounds. 

• Aooroaches to lowering global risks: Lowering die peak and hastening die 
subseauem d l̂ine of chlorine and bromine levels can be accomplished in a vanety of ways. 
inclu<Snganacceleratedphase<)utofcontroUedsubstance_sandhmitanonsonĉ ^ 
uncontrolled halocarix>ns, Qlleons. Asî cantreducUonmpea^^^^ 
of a ppbv) can be achieved widi accelerated phaseout schedules of CFCs,_car^n tetracWonde 
and S l chlorofomi Even stringent controls on HCFC-22 would not significandy reduce peak 
SlcS^e loaSS ( S ^ ^ ppbv. espedally when ODP weighted), but do hasten die decline of 
c h S e C S n L A 3-year SceleratSof die phase-out schedule for die Halons would reduce 
reSnSe loaSng by about 1 pptv. If die andiropogenic souices of inediyl bromide are 
s W f i S n ^ d t e e Jssions ca? be reduced, dien each 10% reduction in metiiyl bromide would 
Sui^Y S t a S ^ ^ ^ ^ Somine of 1.5 pptv, which isr equivalent to a reducnon 
S ^ s S S S c l S e of 0.045 to 0.18 ppbv. Ibis gain is comparable to d̂ t of a tiuee-year 
acceleration of die scheduled phase-out of tiie CFCs. 

. Elimination of the Antarctic ozone hole: The phase-out schedule of ^e amended 
Montreal ftotocoL ifMh compUed by all nations if diere are no continued uses of HCTCs, 
S s S S m l ^ w o S i to sStospheric chlorine abundances of 2 ppbv someume between 
S S e SffierS^of Se nextcentî !̂  Ttois die level at which die Antarctic ozone hole 
a u p S t i die iSe 1970s and hence is about die level diat is diought to be necessaiy (odier 
c S n f a s s S constant, including bromine loading) to 

could never have been reached under the provisions ofthe on^ - - . 

. Uncertain greenhouse role of CFCs: l^ie weight of ̂ ^^^""^ "^f.^^^''-

over the last decade is uncertain. 

• Utility of GWPs: The direct GWPs axe a usefid indicator of die relative radiative 
»ffA^c of Inn !T ĥ êd. well-tnixed radiatively active trace spedes. Hcfwever, GWPs may be 
S X f b S f& ĉ ^^ effects of a & v e d , weU-mixed gas to the mdirect 

a sSt-Uv£ gas (for example, carbon dioxide to die nitrogen oxides). For the loner 
l^StSeappmlnof^ tools, s^ch as three-dimensional, fully coupled coupled ckermtry-
climate models may be reguired. 
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