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The abundance of ozone in the stratosphere is, in part, deter-
mined by photochemical production of ozone and the abun-
dances of reactive trace chemical species (HOy, NOy, ClOy,
BrOy) that catalyse ozone removal processes. Significant stratos-
pheric ozone losses, first detected during spring over Antarctica,
now extend to all seasons and all latitudes poleward of 30° in
both hemispheres. Observations have demonstrated that gas-
phase and heterogeneous chlorine and bromine chemistries play
major roles in the chemical destruction of ozone in both the mid-
latitude and polar lower stratospheres.

Agricultural, industrial and domestic activities can influence
the abundances of these ozone-destroying catalysts and therefore:
can affect the levels of ozone in the stratosphere. The CFCs,
long-lived chlorinated solvents, the HCFCs, halons and methyl
bromide are the major anthropogenic sources of stratospheric
chlorine and bromine. Observations from monitoring networks
worldwide have demonstrated either slowdowns or reversals in
the growth rates of most of the major halocarbon species (CFCs,
long-lived chlorinated solvents, halons), whereas the HCFCs,
which are interim replacement chemicals for CFCs under the
Montreal Protocol, are still increasing rapidly and the HFCs, the
long-term replacements for CFCs, have now been found in the
atmosphere for the first time.

At present the Montreal Protocol appears to be working in
controlling ozone-depleting substances (ODSs) in the back-
ground atmosphere. However, there may be still some problems
ahead for stratospheric ozone, associated with the economic costs
of replacement of some ODSs, the growth of the use of ODSs in
the developing world and the uncertain effect of long-term cli-
mate change on ozone depletion.

The primitive atmosphere, consisting largely of carbon
dioxide (CO,) and water vapour (H,0), resulted from
the volcanic expulsion of gases from the earth’s interior,
a process that commenced more than four billion years
ago. Oxygen (O,) was not one of these primordial
gases, with accumulation in the atmosphere commenc-
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ing about two billion years later, coincident with the
emergence of green-plant photosynthesis in the oceans.
As oxygen accumulated in the atmosphere so did ozone
(O5), which significantly reduced the levels of plant-
damaging solar ultraviolet radiation (UV). This had a
positive feedback on oceanic photosynthesis leading to
more oxygen and ozone, eventually reducing UV suffi-
ciently to allow the emergence of terrestrial green

- plants. Thus ozone is probably the youngest gaseous
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member of the natural atmosphere, but was instrumental
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in the emergence of higher forms of terrestrial life,
which flourished and diversified, emerging as the most
important regulator of atmospheric composition through
processes such as photosynthesis, respiration, nitrifica-
tion, denitrification and methanogenesis (Whitten and
Prasad 1995). )

The majority of ozone (90%) is found in the stratos-
phere (10-50 km), with the remainder (10%) in the tro-
posphere (0-10 km). Normal ozone abundances reach
maximum levels at 6 (polar) to 10 (equatorial) ppm
(parts per million, mole fraction) at 35-40 km. Although
maximum ozone mixing ratios occur in the tropical
stratosphere, column amounts (vertically integrated
abundances) show the reverse distribution, varying from
250 (equatorial) to 450 (polar) DU (1 DU = 2.7 x 1016

" molecules cm2). Although the polar-mixing ratio max-
imum is lower than in equatorial regions, it occurs at
lower altitudes where the pressure is higher, resulting in
higher total amounts of ozone.

Ozone is a strong absorber of biologically harmful
solar ultraviolet radiation, particularly between 200 and
290 nm and to a lesser degree between 290 and 330 nm.
The heat generated by this absorption results in a tem-
perature maximum at about 50 km, which is largely
responsible for the dynamic stability of the stratosphere.
In this paper the role of chemistry in controlling the
abundance of ozone in the stratospheré is examined,
together with anthropogenically induced changes in the
chemical composition of the stratosphere which have
led to significant ozone loss.

Stratospheric ozone chemistry

The formation of ozone in the lower and middle stratos-
phere is initiated by photodissociation of molecular oxy-
gen in the upper stratosphere and above by high energy
solar radiation at wavelengths shorter than 240 nm:

O,+hv—>0+0 |

The highly reactive oxygen atoms released from Eqn |
rapidly combine with oxygen molecules in the lower
and middle stratosphere to form ozone:

O+0,+M—>O0;+M 2

where M is molecular nitrogen or oxygen.
Photodissociation of ozone by lower energy solar radia-
tion effectively reverses Eqn 2:

O;+hv—>0+0, : .3

Equation 3 is the primary source of atomic oxygen in the
stratosphere. The net result of Eqns 3 and 2 is the con-
version of ultraviolet solar energy into heat (infrared
energy).

Ozone is not destroyed by the combination of Eqns 2
and 3; however, ozone is very reactive and can be
destroyed by a number of other processes including
reaction with oxygen atoms:

0+0,~0,+0, .4

which converts “odd oxygen’ (defined as the sum of
ozone and atomic oxygen) back to ‘even oxygen’ (mol-
ecular oxygen).

The above 'four reactions, known as the ‘Chapman’
scheme after their original proposer — Sidney
Chapman (Chapman 1930) — predict higher amounts
of ozone in the stratosphere than are actually found
there by observations. From the 1950s through to the
1970s a number of other ozone-loss pathways were
discovered. These were based on the photochemistry
of hydrogen, nitrogen and halogen (chlorine and
bromine) species in the stratosphere and the influence
of the resultant reactive radicals on the distribution
and abundance of ‘odd oxygen’. These radical species
are catalysts that enhance the effective rate of the
ozone removal process (Eqn 4):

X+0;~X0+0,
X0+0—~X+0,
net:0+ 03~ 0,+ 0,

where X can be H, OH, NO, Cl or Br. The relative
importance of these and other catalytic cycles is deter-
mined by the concentrations of the reactive radicals and
the reaction kinetics. The following sections discuss the
sources, chemistry and sinks of these reactive radicals
and the various catalytic cycles that play such major
roles in controlling the abundance of ozone in the
stratosphere.

Reactive hydrogen (HOx) chemistry

Above about 30 km HOx plays a relatively minor role in
the destruction of ozone. Below 30 km the importance
of HOx processes in the removal of ozone increases
such that they dominate below 20 km. The HOx cat-
alytic cycle responsible for the removal of ozone in the
lower stratosphere (Wennberg et al. 1994) is:

OH + 0y~ HO, + O, 5
HO, + Oy > OH + 20, 6
net:20, — 30,

Simultaneous in situ measurements of OH and HO,
have shown that nearly one-half of total ozone removal
in the lower stratosphere at mid-latitudes is due to this
catalytic cycle (Wennberg et al. 1994).

Hydroxyl radical (OH) is produced in the stratos-
phere by reactions of water vapour or methane (CH4)
with atomic oxygen (O'D):
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O+ H,0 —» OH + OH T

O+ CH, - OH + CH, .8

Methane and water vapour are transported from the tro-
posphere into the stratosphere largely via tropical con-
vective processes. Methane is produced largely from
the anaerobic decay of biological material (methano-
genesis). Approximately half of the water vapour in the
upper stratosphere results from the multi-step oxidation
of methane, via formaldehyde (HCHO) and carbon
monoxide (CO):

CH, +20,~ (HCHO) ~ (CO) ~ CO,+ 2H,0 .9

Two of the reactions involved in this process signifi-
cantly control the abundance of hydroxyl radical in the
troposphere:

CH,+ OH - CHy + Hy0 .10
CO+OH — CO,+H .11

The reaction sequence (Eqn 9) can also lead to the for-
mation of ozone via ‘smog’-type chemistry in the pres-
ence of oxides of nitrogen (NOx). Removal of HOx
from the stratosphere is dominated by reaction of OH
with HO,, as well as with nitric and hydrochloric acids:

OH + HO, = 0, + H,0 .12
OH + HCI, HNO; > Cl, NO, + H,0 .13

HOy perturbations. Methane, which is a significant
source of water vapour in the stratosphere, has
increased rapidly over the modern industrial-agricul-
tural era from about 650 ppb (parts per billion, mole
fraction) in 1800 to a mid-1990s value of about 1700
ppb (Fig. 1) (Etheridge et al. 1992; Nakazawa et al.
1993; Sanhueza et al. 1995; Fraser and Derek 1996).
Methane has increased because of growing consump-
tion of fossil fuels, especially natural gas, increases in
cattle numbers, rice agriculture and biomass burning,
especially in the tropics, and increasing use of landfills
and sewage treatment.

The impact of increasing methane on total ozone lev-
els is difficult to predict. This is because methane is
both a direct (Eqn 8) and an indirect source (via water
vapour, (Eqns 10 and 7)), as well as a sink (Eqn 10), for
hydroxyl radicals. Methane is also a sink for chlorine
radicals (Eqn 25), a source of ozone in the upper tro-
posphere/lower stratosphere through ‘smog’-type chem-
istry (Eqn 9) and a ‘greenhouse gas’ that lowers the tem-
perature of the lower stratosphere, possibly enhancing
ozone destruction via heterogeneous processes. Model
calculations suggest that the likely effect on total ozone
at mid-latitudes of the methane increase observed over
the past 200 years is about a 0.5-1.0% increase (Ko et al.

Fig. 1 Observations of methane (ppb) (Etheridge et al.
1992; Nakazawa et al. 1993; Sanhueza et al.

~1995; Fraser and Derek 1996) and nitrous oxide

(ppb) (Fraser and Derek 1996; Machida et al.

1994; Prinn et al. 1990) in Antarctic ice cores and

in baseline air (monthly means) at Cape Grim,

Tasmania (41°S).
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1995), indicating that the ‘smog’-type ozone production
processes in the troposphere/lower stratosphere more
than compensate for ozone destruction by increased
HOy due to increased methane.

Reactive nitrogen (NO,;) chemistry

The main oxides of nitrogen (NO,) catalytic cycle
responsible for the removal of ozone in the upper
stratosphere (Crutzen 1970) is:

NO+ 03 = NO, + O, ...14
NO,+ 0 = NO + 0, .15
net:0 + 03~ 0, + 0,
In addition, there are other catalytic ozone-destruction
cycles in the lower stratosphere involving NO, but not
atomic oxygen. Together these processes account for

less than 20 per cent of total ozone loss at mid-latitudes
(Wennberg et al. 1994).
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Nitric oxide (NO) is produced in the stratosphere by
reactions of nitrous oxide (N,0) with atomic oxygen:

0+ N,0 = NO + NO ...16

Approximately 65 per cent of NOy in the stratosphere
results from Eqn 16, twenty-five per cent is transport-
ed from the troposphere, where it is produced by light-
ning, and 10 per cent results from the interaction of
solar cosmic rays and protons with the upper atmos-
phere (Ko et al. 1995). Nitrous oxide, like methane
and water vapour, is transported from the troposphere
into the stratosphere largely via tropical convective
processes. Nitrous oxide is produced largely by deni-
trifying and nitrifying bacteria in soils, by biomass
burning and from the oceans. Approximately 95 per
cent of nitrous oxide in the stratosphere is destroyed
not by Eqn 16 but by photolysis:

N,O +hv = O +N, 17

NO, is largely removed from the stratospheric chemical
cycles largely by the formation of nitric acid:

OH + NO, - HNO, .18

The reaction of NO, and CIO forms an important ‘reser-
voir’ species for NOy and ClO, (see below) which con-
trols the abundance of ozone-depleting nitrogen and
chlorine species in the stratosphere:

ClO + NO, — CIONO, .19

Equation 19 is significantly reversed by photolysis,
releasing reactive chlorine back into the stratosphere:

CIONO, + hv = Cl + NO, .20

NO, perturbations. Nitrous oxide, the major source of
NOx in the stratosphere, has increased over the modern
industrial-agricultural era from about 275 ppb (parts per
billion, mole fraction) in 1800 to a mid-1990s value of
about 310 ppb (Fig. 1) (Fraser and Derek 1996; Machida
et al. 1994; Prinn et al. 1990). The exact cause of this
increase in nitrous oxide is uncertain, but cultivation of
soils and biomass burning, especiaily in the tropics, and
animal wastes are known sources that have certainly
increased over the past 200 years.

Model calculations suggest that the likely effect on
total ozone at mid-latitudes of the nitrous oxide increase
observed over the past 200 years is about a 0.8-1.2%
decrease (Ko et al. 1995).

Reactive sulfur (SOx) chemistry

The stratospheric sulfate layer, first discovered by Junge
(Junge et al. 1961) in the late 1950s, envelopes the entire
globe and its maximum density occurs at approximately
the same altitude as the stratospheric ozone maximum
(15-25 km).

The primary sources of stratospheric sulfur are car-
bony! sulfide (OCS) and sulfur dioxide (SO,). The for-
mer is released by various biological processes into the
troposphere, transported to the stratosphere and convert-
ed to sulfur dioxide by photo-oxidation processes. The
latter is injected directly into the stratosphere by major
volcanic eruptions. In the stratosphere sulfur dioxide
reacts with hydroxyl radical in the first of a multi-step
oxidation process that converts sulfur dioxide to sulfuric
acid:

SO, + OH ~ HSO, ~ S0, > H,50, .21

This reaction sequence does not have a direct effect on
the gas-phase processes that control stratospheric ozone.
However, sulfuric acid rapidly combines with water
vapour to form sulfate aerosol particles. These particles
play a major role in stratospheric chemistry by provid-
ing surfaces for heterogeneous processes (see below)
which are now recognised as being very important in
controlling the overall levels of ozone in the stratos-
phere, both at mid and polar latitudes.

There is no evidence that OCS or SO, levels in the
stratosphere are changing on decadal time-scales.
However, stratospheric SOy levels do increase dramati-
cally (by more than an order of magnitude) and remain
perturbed for several years after major volcanic erup-
tions such as El Chichon (1982) and Mt Pinatubo
(1991). Following the latter eruption, tropical stratos-
pheric ozone levels were reduced by three to four per
cent due at least in part to enhanced heterogeneous
ozone-loss processes (Harris et al. 1995).

Reactive halogen (C10y, BrO,) chemistry

Several catalytic cycles involving chlorine and bromine
are very efficient in destroying stratospheric ozone
(Stolarski and Cicerone 1974; Molina and Rowland
1974; McElroy et al. 1986). The following cycle is par-
ticularly efficient in the lower stratosphere:

Cl, Br + 03 — ClO, BrO + O2 .22
ClO + BrO = Cl + Br + 0, .23
net; 205 = 30,

Chlorine and bromine in the unperturbed stratosphere
(50+ years ago) resulted from the photolysis of methyl
chloride and methyl bromide, released into the tropos-
phere by biological processes in the ocean and by bio-
mass burning: :

CH,Cl, CH,Br + hv — CH, + Cl, Br .24

Methyl chloride and bromide are transported into the
stratosphere, along with water vapour, methane, carbon
monoxide and nitrous oxide, by major convective activ-
ity in tropical regions.

The major sink for chlorine and bromine radicals in
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the stratosphere is reaction with methane, nitrogen diox-
ide and HO,:

Cl+ CH, - HCI + CH, 25
ClO, BrO + NO, — CIONO,, BrONO, ~ ...19
ClO, BrO + HO, > HOCl, HOBr + 0,  ...26

Hydrochloric acid from the troposphere, via production
by the oceans and volcanic eruptions, is a very minor
source of chlorine in the stratosphere, because HCI is
very soluble in water and is largely removed in the tro-
posphere (Tabazadeh and Turco 1993).

Important HO,, NO,, ClO, coupling reactions.
The relative importance of the various radical species
in the stratosphere in determining their overall effect
on stratospheric ozone depends on their reactivity and
abundance. The latter depends on the amounts held in
~ ‘reservoir’ species and the likelihood of radical regen-
eration. For example, Eqns 19 and 26 play significant
roles in the ClOy catalytic cycle in the lower stratos-
phere and Eqns 18 and 19 have a significant effect on
the NO, cycle as well. Other important coupling reac-
tions are:

HO, +NO — OH + NO, .27

which controls the partitioning of NO, and HO, radical
species, as well as:

OH + HCl— H,0+ Cli ...28

which to some extent reverses the effectiveness of Eqn 25
in removing ozone-destroying Cl from the stratosphere.

ClOy, BrOy perturbations. Several anthropogenic
chemicals have contributed to growing levels of chlorine
and bromine radicals in the stratosphere over the past 50
years. The first major industrial source of ClOy was
carbon tetrachloride (CCly), an industrial degreasing
solvent and fire-fighting chemical, which probably first
appeared in the atmosphere during the 1920s (Galbally
1976). The atmospheric residence time of carbon tetra-
chloride is calculated to be about 40 years.
Concentrations rose steadily to around 100 ppt (0.4 ppb
of Cl) in the early 1990s (Simmonds et al. 1988; Fraser
et al. 1995; Montzka et al. 1996a; Cunnold et al. 1997),
before commencing a slow decline in response to
reduced emissions as a result of the production controls
(production ceased in the developed nations in 1994)
imposed by the Montreal Protocol, an international
agreement designed to control the production of ozone-
depleting substances (ODSs) (Fig. 2).

The next major source of ClO, were the chlorofluo-
rocarbons (CFCs), which were introduced in the 1930s
as safe refrigerants. Uses of CFCs diversified in the
1950s, being used as aerosol propellants, foam-blowing

Fig. 2 Observations (Cl, ppb) of CFCs, methyl chloro-
form and carbon tetrachloride in baseline air
(monthly means) at Cape Grim, Tasmania (41°S).
Global Cl levels (ppb) based on data from Cape
Grim and other stations in the ALE-GAGE net-
work are shown, together with predicted levels of
global Cl (ppb) based on the IS92 emission sce-

narios.

[ T T T T T T
ppb [ ]
30 E global +7~<_ Montreal ]
- | chlorine P ~ Protocol
N ]
N observations .~ ]
25 [ R
20 [ .|
15 | 7 -
v | Cape Grim chlorine | ]
10 F CFC-12 ]
C //——~ CFC-11 ]
05 F ~ -
- ~—— carbon tetrachloride -
r //ﬂ_,.,.;; methyl chloroform ]
N - CFC-113 ]

1 1 1 i 1 1

1980 1985 1990 1995 2000 2005
YEAR

agents and degreasing solvents. The residence times of
CFCs in the atmosphere range from about 50 to greater
than 100 years. Their concentrations grew rapidly
through the 1970s and 1980s, reaching a maximum in
the mid-1990s of about 2.1-2.2 ppb (Cl) (Fig. 2). CFCs
appear to have stopped growing in the atmosphere again
in response to the production controls of the Montreal
Protocol (production ceased in the developed nations in
1995 (Elkins et al. 1993; Simmonds et al. 1993;
Cunnold et al. 1994, 1997; Fraser et al. 1995, 1996;
Montzka et al. 1996a)).

Concentrations of méthyl chloroform (CH,CCly), a
chlorinated solvent introduced in the 1960s to replace
the toxic CCl,, grew rapidly through the 1970s and
1980s, reaching a maximum of about 0.4 ppb (Cl) in the
early 1990s. Since then concentrations have started to
decline rapidly due to the Montreal Protocol (production
ceased in the developed nations in 1995), such that the
levels observed in the mid-1990s are similar to those
found in the early 1980s (Fig. 2) (Fraser et al. 1995;
Prinn et al. 1995; Cunnold et al. 1997).
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Chlorodifluoromethane (CHCIF,) is a relatively new
chemical species in the atmosphere belonging to a class
of chemicals called the hydrochlorofluorocarbons
(HCFCs). HCFC-22 (CHCIF,) probably first appeared
in the atmosphere in the 1960s and its concentration has
continued to grow relatively unabated such that it now
contributes more than 0.1 ppb of Cl to the atmosphere
(Montzka et al. 1996a; Cunnold et al. 1997; Montzka et
al. 1993) (Fig. 3). The production of this species is con-
trolled by the Montreal Protocol, but a virtually com-
plete phase out of its use will not occur until about 2020.

The CFCs (mainly CCl,F, CCLF,, CCL,FCCIF,), the
chlorinated solvents (CCl, and CH,CCl;) and CHCIF,
have caused atmospheric chlorine levels to grow by
about 3.0-3.1 ppb since about the 1930s, with about. 80
per cent of this increase occurring after 1970 (Fig. 2).
These calculated Cl increases assume that the major nat-
ural source of Cl (methyl chloride) has remained con-
stant at about 0.5-0.6 ppb of Cl. Model calculations
suggest that this increase in Cl has caused a globally
averaged ozone loss of about 4-5% (Ko et al. 1995;
Prather et al. 1996a).

The halons (CBrF;, CBrCIF, and CBrF,CBrF,),
commonly used as domestic, industrial, commercial and
military fire-fighting chemicals, are the major sources of
anthropogenic bromine in the stratosphere. Total
bromine levels from the halons have risen by about 7 ppt
over the past three decades (Montzka et al. 1996a;
Butler et al. 1992; Pyle et al. 1996). Methyl bromide
(CH,Br) may have increased by about 2 ppt over the
past 2-3 decades due to biomass burning and agricultur-
al and fumigation uses (Ko et al. 1995; Penkett et al.
1995). Model calculations suggest that this increase in
Cl and Br has caused a globally averaged ozone loss of
about five per cent due to gas-phase processes and about
seven per cent if the effects of polar stratospheric cloud
chemistry are included (Ko et al. 1995). Nearly one-
third of the photochemical loss of ozone in the current
stratosphere is due to reactions involving chlorine and
bromine (Wennberg et al. 1994).

Heterogeneous halogen chemistry and ozone deple-
tion. The discovery of the Antarctic ozone ‘hole’ in
1985 (Farman et al. 1985) provided the first evidence of
significant decline in ozone in the lower stratosphere at
10-20 km (Hofmann et al. 1987). The discovery of the
ozone ‘hole’ was surprising not only because of its mag-
nitude but also its location: gas-phase chemistry sug-
gested that ozone depletion would occur at mid and low
latitudes at 35-45 km, not in the polar lower stratos-
phere. There is now overwhelming evidence that the
cause of the ozone ‘hole’ is reactive Cl and Br, predom-
inantly from CFCs, chlorinated solvents and halons
(Solomon 1990; Anderson et al. 1991).

In the polar stratosphere very little ozone is produced

Fig.3  HCFCs (ppt, Cl) and HFC-134a (ppt) measured
in the CSIRO/UEA, CSIRO/SIO and NOAA air
sampling programs at Cape Grim (Montzka et
al. 1994; Oram et al. 1995; Montzka, et al. 1996b;
Oram et al. 1996). Also shown are the global
HCFC levels (ppt, Cl), based on the Cape Grim
data and NOAA global distributions of HCFCs,
and the expected levels of HCFC Cl based on the
1592 scenario of the Montreal Protocol (Prather
et al. 1996a).
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because there is essentially no photodissociation of oxy-
gen. This means that catalytic ozone destruction cycles
involving atomic oxygen (for example Eqns 14 and 15)
are ineffective. A number of catalytic cycles not involv-
ing atomic oxygen have been proposed and the two that
seem best able to account for the observed ozone loss
and abundances of reactive species are Eqns 22 and 23
(McElroy et al. 1986), and Eqns 29 and 22 (Molina and
Molina 1987):

CiO +ClO+M—>Cl+ Cl +0, ...29
2(Cl + 05~ ClO + 0,) .22
net:205— 30,

These reactions provide a mechanism for the loss of
ozone in the absence of atomic oxygen, but high levels
of CIO and BrO, much higher than predicted based on
gas-phase chemistry, are required to make them signifi-
cant in polar ozone-loss processes. It is now well-estab-



Fraser: Chemistry of stratospheric ozone

191

lished that heterogeneous reactions occurring on polar
stratospheric clouds (PSCs) play a central role in chlo-
rine and bromine activation leading to polar ozone
depletion (Molina 1991). PSCs, which exist in the
stratosphere at temperatures less than 195 K, are com-
posed of ice (H,0) and nitric acid trihydrate
(HNO;.3H,0) crystals. The most important chlorine
activation reaction in the polar stratosphere that takes
place on PSCs is:

CIONO, + HCl— Cl, + HNO, ...30
which probably occurs via two steps:

CIONO, + H,0 ~ HOCI + HNO, .31

HCl + HOCI — Cl, + H,0 .32

The Cl, from Eqn 30 is rapidly photolysed, even in the
first light of the Antarctic sunrise:

Cly +hv—> Cl+Cl .33

Equations 30 and 33 convert the ozone inactive reservoir
species (HCI, CIONO,) to ozone-destroying Cl, while
preventing Eqn 19 from occurring to a significant extent
by converting NO, to HNO,. :

CFC replacements and the Montreal Protocol

The Montreal Protocol is an international agreement
designed to control and eventually eliminate the produc-
tion of ODSs, such as the CFCs, long-lived chlorinated
solvents and the halons. In order to meet the require-
ments of the Protocol, the chemical industry worldwide
has developed a number of short-term and long-term
replacements for ODSs, such as the HCFCs and the
hydrofluorocarbons (HFCs). The former contain Cl, but
have relatively short atmospheric residence times, due to
their reaction with hydroxyl, and have significantly
lower ozone depletion potentials (ODPs) than the ODSs
they replace. Their use will be almost completely
phased out by 2020. The latter contain no CI or Br and
therefore have zero values for their ODP. The HFCs are
seen as the long-term replacements for the CFCs and the
long-lived chlorinated solvents.

The HCFCs and HFCs are starting to accumulate in
the atmosphere (Montzka et al. 1994; Oram et al. 1995;
Montzka et al. 1996b; Oram et al. 1996) (Fig. 3). The
rate at which they accumulate can be compared to pre-
dicted emissions based on the Montreal Protocol
(Prather et al. 1996a). The spirit of the Montreal
Protocol is such that excessive accumulation of HFCs is
not desirable because of their significant contribution to
climate forcing (Prather et al. 1996a).

Today the Montreal Protocol appears to be working
in controlling ODSs in the background atmosphere.
Some ODSs, such as the long-lived chlorinated sol-
vents, have proved relatively straightforward to
replace, whereas others, such as commercial refriger-

ants, are proving more difficult, due largely to the high
cost of the associated equipment and infrastructure in
this sector. Others, such as the halons, are no longer
being produced, but there exist active (fixed fire-fight-
ing equipment) and inactive (cylinders) ‘banks’ of
these species, which have the potential to slowly leak
to the atmosphere. '
Global ozone losses over the period 1980-1995 are

three to five per cent and, under the current Protocol,
unlikely to exceed six per cent before reaching a maxi-
mum loss around the year 2000. It is timely to consider
what might have happened to stratospheric ozone if the
Montreal Protocol had been delayed by, for example, a
decade, whereby tropospheric Cl loading would have
reached more than twice the maximum loading of the
‘current Protocol. In this case global ozone losses would
have exceeded ten per cent by the year 2000 and the
closing of the Antarctic ozone hole, currently calculated
to occur around 2040, would have been delayed by 50-
100 years (Prather et al. 1996b).

Conclusion

Significant stratospheric ozone losses have been
observed at all latitudes poleward of 30° in both hemi-
spheres. Extensive field campaigns and laboratory
experiments have shown that the cause of the ozone
loss is predominantly reactive Cl and Br species pro-
duced in the stratosphere from the photodissociation of
CFCs, chlorinated solvents and halons. Both gas-
phase and heterogeneous processes are important in
global stratospheric ozone loss, the latter particularly
at high latitudes.

Presumably the steady accumulations of methane
and nitrous oxide in the troposphere have increased the
levels of HO, and NOj, in the stratosphere, although the
resultant changes in stratospheric ozone are small.

The recent production and thus emissions of CFCs,
HCECs, chlorinated solvents and halons are controlled
by the Montreal Protocol. As a result, the growths in the
concentrations of all the major anthropogenic source
species of stratospheric. ClO, and BrO, have either
slowed, stopped or actually started to become negative.
The long-term success of the Montreal Protocol requires
that'the CFCs and halons still currently in use in the
developed world do not escape to the atmosphere in sig-
nificant amounts and that the consumption of ODSs in
the developing world is kept to a minimum.

Further reading

Interested readers may find the following texts useful for
a more complete discussion of the chemistry of stratos-
pheric ozone and the role of the Montreal Protocol:






