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Abstract. Stratospheric ozone depletion through cat- 
alytic chemistry involving man-made chlorofluorocar- 
bons is an area of focus in the study of geophysics and 
one of the global environmental issues of the twentieth 
century. This review presents a brief history of the sci- 
ence of ozone depletion and describes a conceptual 
framework to explain the key processes involved, with a 
focus on chemistry. Observations that may be considered 
as evidence (fingerprints) of ozone depletion due to 
chlorofluorocarbons are explored, and the related gas 
phase and surface chemistry is described. Observations 
of ozone and of chlorine-related trace gases near 40 km 
provide evidence that gas phase chemistry has indeed 
currently depleted about 10% of the stratospheric ozone 
there as predicted, and the vertical and horizontal struc- 
tures of this depletion are fingerprints for that process. 
More striking changes are observed each austral spring 
in Antarctica, where about half of the total ozone col- 
umn is depleted each September, forming the Antarctic 
ozone hole. Measurements of large amounts of C10, a 
key ozone destruction catalyst, are among the finger- 

prints showing that human releases of chlorofluorocar- 
bons are the primary cause of this change. Enhanced 
ozone depletion in the Antarctic and Arctic regions is 
linked to heterogeneous chlorine chemistry that oc- 
curs on the surfaces of polar stratospheric clouds at 
cold temperatures. Observations also show that some 
of the same heterogeneous chemistry occurs on the 
surfaces of particles present at midlatitudes as well, 
and the abundances of these particles are enhanced 
following explosive volcanic eruptions. The partition- 
ing of chlorine between active forms that destroy 
ozone and inert reservoirs that sequester it is a central 
part of the framework for our understanding of the 
40-km ozone decline, the Antarctic ozone hole, the 
recent Arctic ozone losses in particularly cold years, 
and the observation of record midlatitude ozone de- 

pletion after the major eruption of Mount Pinatubo in 
the early 1990s. As human use of chlorofluorocarbons 
continues to decrease, these changes throughout the 
ozone layer are expected to gradually reverse during 
the twenty-first century. 

1. INTRODUCTION 

The unique role of ozone in absorbing certain wave- 
lengths of incoming solar ultraviolet light was recognized 
in the latter part of the nineteenth century by Cornu 
[1879] and Hartley [1880]. Interest in ozone stems from 
the fact that such absorption of solar radiation is impor- 
tant in determining not only the thermal structure of the 
stratosphere [e.g., Andrews et al., 1987] but also the eco- 
logical framework for life on the Earth's surface. (Terms 
in italic type are defined in the glossary following the 
main text.) Decreased ozone results in increased ultra- 
violet transmission, which can affect the health of hu- 
mans, animals, and plants [e.g., van der Leun et al., 1995, 
and references therein]. 

Observations of the total integrated column ozone 
based on ultraviolet absorption began in the first few 
decades of the twentieth century [e.g., Fabry and Buis- 
son, 1913; Dobson, 1968, and references therein; Dtitsch, 
1974]. Systematic measurements of this type have re- 

vealed that the total ozone abundances over many re- 
gions of the globe have decreased markedly since about 
1980, as is illustrated in the data presented in Figure 1. 
Indeed, the depletion of the global ozone layer has 
emerged as one of the major global scientific and envi- 
ronmental issues of the twentieth century. 

Downward trends are evident in the time series of 

spatially or time-averaged spring column ozone obser- 
vations shown in Figure 1. Ozone varies from year to 
year at all locations, but the behavior seen in recent 
decades in Antarctic spring lies very far outside of the 
historical variability. The longest available high-quality 
record is that of Arosa, Switzerland, which dates back to 
the 1920s [Staehelin et al., 1998a, b]. The record at this 
site agrees well with the larger-scale changes observed by 
satellite since 1979. Figure 1 shows that the observed 
ozone changes in the 1990s compared with earlier de- 
cades are large enough that sophisticated statistical 
treatments are not needed to discern them, not only over 
Antarctica but also in the Arctic and at midlatitudes. For 
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Figure 1. Observations of total ozone at various lo- 
cations. The Antarctic data are from Halley [Farman et 
al., 1985; Jones and Shanklin, 1995] and updated cour- 
tesy of J. Shanklin. The Arctic data are from satellite 
observations described by Newman et al. [1997], up- 
dated courtesy of P. Newman. The Arosa, Switzerland 
dataset is the longest running in the world [Staehelin et 
al., 1998a, b]. Satellite observations from a slightly 
higher midlatitude region are shown for comparison 
[Hollandsworth et al., 1995], updated courtesy of R. 
Nagatani. The satellite data are zonally and monthly 
averaged, while the ground-based data at each site 
have also been averaged over time as indicated in each 
case. 

detailed discussion• of data quality and ozone trend 
detection approaches, see the recent reviews by Harris et 
al. [1998] and J. Staehelin et al. (Observations of ozone 
trends, submitted to Reviews of Geophysics, 1998, here- 
inafter referred to as Staehelin et al., submitted manu- 
script, 1998). 

The aim of this review is to describe a framework for 

a conceptual and historical understanding of the pro- 
cesses controlling stratospheric ozone depletion, partic- 
ularly the role played by human use of chlorofiuorocar- 
bons (CFCs). Key historical and illustrative recent 
references will be cited. Such a review is by design limited 
in scope and is intended to be accessible to the nonspecial- 
ist. It focuses strictly on ozone depletion processes rather 
than on the broader aspects of the current, highly detailed 
understanding of stratospheric ozone chemistry, radiative 
transfer, dynamics, and meteorology. For recent in-depth 
treatments of those topics, see, for example, World Meteo- 
rological Organization/United Nations Environment Pro- 
gramme (WMO/UNEP) [1994, 1999, and references there- 
in],Andrews et al. [1987], and Holton et al. [1995]. 

Section 2 of this paper briefly discusses the general 
theoretical understanding of the vulnerability of ozone 
to chemical change, particularly the depletions that were 
predicted to occur in the distant future based upon gas 
phase chlorine and bromine chemistry [Molina and Row- 
land, 1974]. The transformation of this theory to the 
remarkable reality depicted by the ozone decline illus- 

trated in Figure 1 is the focus of sections 3-6. Section 3 
describes how the discovery and explanation of the Ant- 
arctic ozone hole radically altered the gas phase chemical 
picture by revealing the key role played by reactions of 
chlorine compounds on and within surfaces (heteroge- 
neous chemistry), particularly under very cold conditions 
in polar regions. The chemical nature of stratospheric 
surfaces capable of driving such chemistry is the focus of 
section 4, where it is shown that water ice, nitric acid 
hydrates, and liquid sulfuric acid/water surfaces all must 
be considered. Laboratory studies, observations of mid- 
latitude ozone trends, and measurements of strato- 
spheric chemical composition have underscored the 
need to consider both gas phase and heterogeneous 
chemistry not only under extreme cold but also under 
relatively warm conditions, as is discussed in sections 3, 
4, and 5. Recent changes in Arctic ozone have further 
illustrated the strong coupling between heterogeneous 
chemistry and extensive polar ozone depletion and have 
raised important questions regarding meteorological 
trends (section 6). A key framework for understanding 
that is emphasized throughout this review is the concept 
of chemical partitioning of chlorine between forms that 
are inert with regard to ozone (HC1, C1ONO2) and 
others that can destroy it (C1, C10). Major conclusions 
are briefly summarized in section 7. A glossary of terms 
used follows the main text. 
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2. GAS PHASE CHEMISTRY AND RELATED 

CONSIDERATIONS 

2.1. Catalytic Cycles and Chemical Families 
A photochemical theory for formation and destruc- 

tion of ozone based on an oxygen-only chemical scheme 
was first proposed by Chapman [1930]. An updated 
version of this framework is shown by the first seven 
reactions presented in Table 1. Perhaps most impor- 
tantly, Chapman noted that ozone and atomic oxygen 
rapidly interchange with each other, while the sum of the 
two is linked to much slower chemical processes. This 
work laid the foundation for the understanding of "odd 
oxygen" chemistry. Such a conceptual picture allows a 
clear distinction to be drawn between net and gross 
production and loss of ozone over a chosen timescale 
which will be briefly summarized here (see the seminal 
review by Johnston and Podolske [1978] for further de- 
tails). 

Ozone photolysis below ---50 km represents a gross 
but not net loss process over timescales of the order of 
minutes or more, since nearly all of the atomic oxygen 
thus produced reforms ozone (through the reaction of 
O + 02 with a third body, M; see (R2) in Table 1) in just 
a few seconds or less. Ozone and atomic oxygen thereby 
cycle very rapidly between one another in the strato- 
sphere. A very small fraction of the oxygen atoms pro- 
duced from ozone photolysis can react with ozone (O + 
0 3 ---> 202) , yielding a net loss of the sum of the two over 
extended timescales. Hence it is conceptually useful to 
consider atomic oxygen and ozone together as an odd 
oxygen family distinct from the much longer-lived form 
of "even oxygen," 0 2 (for further discussion see, e.g., 
Brasseur and Solomon, 1986]). 

In the 40 years following Chapman's groundbreaking 
paper, it became clear that stratospheric ozone was 
chemically destroyed not solely by reaction with atomic 
oxygen, but also by hydrogen [Bates and Nicolet, 1950; 
Hampson, 1964] and nitrogen oxide chemistry [Crutzen, 
1970, 1971; Johnston, 1971]. Each of these species may 
also be considered in terms of their own odd hydrogen 
and odd nitrogen families, the members of which can 
interchange chemically with one another [see, e.g., Bras- 
seur and Solomon, 1986]. Table 1 illustrates the fact that 
hydrogen and nitrogen oxides can destroy odd oxygen in 
a catalytic fashion wherein the initiating active species 
(e.g., OH, NO) are regenerated, so that even small 
amounts of these gases can influence the much greater 
ozone abundances. Table 1 also presents some illustra- 
tive reactions that couple one family of gases to another 
(such as the formation of C1ONO 2 through reaction of 
C10 with NO2; C1ONO 2 is thus a member of both the 
odd chlorine and odd nitrogen families) and processes 
that form relatively long-lived reservoirs (HC1, C1ONO2, 
HNO3) , which can strongly influence the abundances of 
the ozone-destroying gases (e.g., C10, NO2) , as is dis- 
cussed further below. 

Perturbations to the natural abundances of odd hy- 

drogen may arise through human modifications of 
source gases such as H20 and CH4, while natural odd 
nitrogen can be perturbed through direct emissions of 
high-flying aircraft, by nuclear explosions, or by changes 
in its primary source gas, N20. Heath et al. [1977] dem- 
onstrated that large solar proton events can lead to 
transient perturbations in upper stratospheric ozone due 
to a natural modulation of odd nitrogen chemistry. This 
verified the nitrogen-catalyzed ozone destruction cycle 
in a dramatic fashion (see also the review by Jackman 
and McPeters [1987]). Refinements to measured labora- 
tory kinetic rates allowed the numerical model estimates 
of the impacts of such perturbations upon ozone to be 
gradually improved over a period of several decades 
[e.g., Ko and Sze, 1983]. While the study of possible 
ozone depletion due to hydrogen and nitrogen chemistry 
remains an area of active research (see WMO/UNEP 
[1998] for current studies and Johnston [1992] for an 
historical review), the weight of evidence shows that the 
bulk of the observed recent depletion depicted in Figure 
1 is due to other processes, particularly the chlorine- 
related chemistry that is the primary subject of this 
review. 

In 1974 it was shown that chlorine could also engage 
in a catalytic cycle resulting in ozone destruction [Sto- 
larski and Cicerone, 1974]. Of particular importance was 
the identification of man-made chlorofluorocarbons as 

the major source of ozone-destroying stratospheric chlo- 
rine [Molina and Rowland, 1974]. Like the nitrogen and 
hydrogen oxides, chlorine can destroy ozone in catalytic 
cycles such as those shown in Table 1. Wofsy et al. [1975]; 
Yung et al. [1980], Tung et al. [1986], and McElroy et al. 
[1986] showed that bromocarbons could also contribute 
to ozone depletion, particularly through the coupling of 
bromine and chlorine chemistry. Collectively, the deple- 
tion of ozone by chlorine, bromine, and the interactions 
between them will be referred to herein as halogen 
chemistry. 

2.2. Processes Controlling Chlorocarbon Lifetimes 
Molina and Rowland [1974] and Rowland and Molina 

[1975] pointed out that the chlorofluorocarbons hypoth- 
esized as ozone depletors have very long atmospheric 
residence times, so that if these gases were to be deplet- 
ing stratospheric ozone, they would continue to do so 
well into the twenty-first century. This critical point 
merits a brief elucidation (expert readers may wish to 
skip to section 2.3). Figure 2 is a schematic diagram of 
the key processes that contribute to and control chlo- 
rofluorocarbon lifetimes in the Earth's atmosphere. As 
was emphasized by Molina and Rowland [1974], the 
chlorofluorocarbons are not significantly soluble in wa- 
ter; nor do they react with ocean or soil surfaces or with 
any chemical species present in the lower atmosphere 
(below ---12-15 km, the troposphere). Their chemical 
destruction depends upon the ultraviolet light found in 
the upper atmosphere (between ---12-15 and 50 km, the 
stratosphere). This radiation breaks up the chlorofluo- 
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TABLE 1. Key Chemical Processes and Catalytic Cycles 

Chemical Process 
Reaction 

Number 

02 + hv -• 20 
O + 0 2 + M-•O 3 + M 
0 3 +hv-•O 2 + O(•D) 
O(•D) + M-•O + M 
0 3 + hv -• 0 2 + O 
O+O+ M-->O 2 + M 
0 + 03 --> 202 

O + OH -• 0 2 + H 
H + 0 2 + M --> HO 2 q- M 
O q- HO 2 --> 0 2 q- OH 
Net Cyclel:O + O +M-•O2 +M 
OH + 03 -• HO2 + 02 
HO 2 + 0 3 --> OH + 20 2 
Net Cycle 2:20 3 -• 302 

NO + O 3 --> NO 2 q- 02 
O q- NO 2 --> NO + 02 
Net Cycle 3' O + O3 -• 02 

C1 + O3-•C10 + 0 2 
C10 + O-• C1 + 02 
Net Cycle 4: O + O3 -• 02 
C1 + O 3-•C10 + 0 2 
C1 + O3-•C10 + 02 
C10 + C10 + M -• C1202 q- M 
C1202 + hv-• C1 + CIO 2 
C102 + M -• C1 + 02 + M 
Net Cycle 5:2 0 3 -• 30 2 

CI+ O3-•C10 + 02 
Br + 03-->BrO + 02 
BrO + C10-• Br + C10 2 
C10 2 q- M -• C1 + 02 + M 
Net Cycle 6:2 03 -o 302 

C10 + NO-• C1 + NO 2 
C1 + CH 4 --> HC1 + CH 3 
HO 2 q- C10-• HOC1 + 0 2 
C10 + NO 2 + M -• C1ONO 2 + M 
OH + NO 2 q- M--> HNO 3 + M 

HC1 + C1ONO 2 --> HNO 3 + C12 
N20 5 + H20 --> 2HNO 3 
C1ONO 2 + H20--> HNO 3 + HOC1 
HC1 + HOC1 -• H20 q- C12 
BrONO 2 + H20--> HNO 3 + HOBr 
HC1 + BrONO 2 --> HNO 3 + BrC1 
HC1 + HOBr -• H20 q- BrC1 

Chapman Chemistry a 

Illustrative Odd Hydrogen Catalytic Cycles b 

Illustrative Odd Nitrogen Catalytic Cycle c 

Illustrative Odd Chlorine Catalytic Cycles d 

Illustrative Cl-Br Catalytic Cycle ½ 

Some Important Coupling and Reservoir Reactions 

Key Heterogeneous Reactions 

R1 

R2 

R3 

R4 

R5 
R6 

R7 

R8 

R9 

R10 
R6 

Rll 

R12 

R13 

R14 

R15 
R7 

R16 

R17 

R7 

R16 

R16 

R18 

R19 

R20 
R13 

R16 

R21 

R22 

R20 
R13 

R23 

R24 

R25 
R26 

R27 

R28 

R29 

R30 
R31 

R32 

R33 

R34 

aChapman [1930]. 
bBates and Nicolet [1950]; Hampson [1964]. 
CCrutzen [1970]; Johnston [1971]. 
dStolarski and Cicerone [1974]; Molina and Molina [1987]. 
eMcElroy et al. [1986]; Tung et al. [1986]. 

rocarbon molecules, yielding C1 atoms that can go on to 
destroy ozone in catalytic cycles such as those shown in 
Table 1 as they move through the stratosphere. 

A review of the fluid mechanical principles underlying 
the dynamics and meteorology that is responsible for the 

movement of air from the troposphere to the strato- 
sphere is provided, for example, by Andrews et al. [1987] 
and Holton et al. [1995]. It is interesting to note that long 
before the fluid dynamical underpinnings of strato- 
spheric transport were fully established, a broad concep- 
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Figure 2. Schematic diagram illustrating the breakdown of 
CFCs and catalytic destruction of ozone in the middle and 
upper stratosphere. Because the stratosphere contains only 
10% of the mass of the total atmosphere, the atmosphere must 
turn over many times to destroy all of the CFCs present, 
resulting in long atmospheric residence times for these gases. 
The simplified cartoon illustrates only the key net processes 
that transport CFCs and other gases in a zonally averaged 
sense. The Brewer-Dobson circulation illustrates a typical av- 
erage flow pattern. Waves mix trace gases when they break 
down, particularly in the winter hemisphere (Southern Hemi- 
sphere in this illustration). The long CFC lifetimes are re- 
flected in the surface observations of CFC-12 at stations, such 
as South Pole, that are far removed from the emission regions 
in the industrialized Northern Hemisphere. 

tual framework had been deduced from chemical obser- 

vations that remains basically intact today. Dobson 
[1930] inferred the existence of a large-scale strato- 
spheric circulation cell characterized by rising motion in 
the tropics and descending motion at mid and high 
latitudes on the basis of his observations of the latitude 

gradients in ozone. He pointed out that greater ozone 
column abundances observed at higher latitudes must be 
the result of downward, poleward motion. Brewer [1949] 
reached a similar conclusion based upon an elegant 
analysis of early measurements of water vapor. Recent 
studies have, for example, used observations of very 
long-lived gases with known tropospheric trends such as 
CO2 [e.g., Schmidt and Khedim, 1991; Boering et al., 
1996] to show that the timescale for the overturning of 
this "Brewer-Dobson" circulation cell is -5 years. About 
90% of the total atmospheric mass resides in the tropo- 
sphere, and -10% resides in the stratosphere. 

Consider the fate of 1 kg of CFC-11 released in 
today's atmosphere, using Figure 2. Rapid mixing in the 

lower atmosphere distributes the CFC-11 throughout 
the troposphere. Observations of chlorofluorocarbons 
from surface stations as far apart as the South Pole and 
Colorado as indicated in Figure 2 (data taken from 
Montzka et al. [1996]) show that the mixing ratios of 
CFCs in the Southern Hemisphere lag those of the 
Northern Hemisphere by about a year. However, the 
fact that the abundances of chlorofluorocarbons are so 

large at a remote site like the South Pole, far removed 
from their emission in the industrialized parts of the 
Northern Hemisphere, attests to the fact that their de- 
struction in the troposphere must be extremely slow or 
nonexistent. Key factors are the near-insolubility of 
CFCs in water (which makes them resistant to the rain- 
out and washout processes that remove some other gases 
emitted by industrial activities, such as those that form 
the local pollution of acid rain) and their chemically 
inert character. 

A fraction of the tropospheric mass enters the strato- 
sphere and is slowly transported upward, poleward, and 
back to the troposphere. Rapid horizontal mixing in the 
troposphere, coupled with the fact that the primary 
point of entry to the stratosphere is in the tropics (as 
sketched in simplified form in Figure 2; see Holton et al. 
[1995] for a more detailed picture), implies that the 
chlorine content of stratospheric air will not depend 
substantially upon proximity to local sources. Ozone 
depletion is therefore a global phenomenon, since the 
amount of total chlorine (also called chlorine loading) 
both at and above the South Pole is nearly the same as 
that above industrialized regions. The observed spatial 
and temporal variations in ozone loss are closely tied to 
chemical processes that partition this total chlorine load- 
ing among its various forms and thereby modulate ozone 
destruction in space and time, as is discussed below. 

Within -5 years, air will have cycled through the mid 
to upper stratosphere. Most of the CFC-11 contained in 
this air breaks down in the upper stratosphere to release 
its chlorine (which in turn destroys ozone) and returns to 
the troposphere largely in the form of hydrochloric acid 
(which ultimately rains out and removes the chlorine 
from the system). Since only -10% of the mass of the 
troposphere exchanges with the upper stratosphere in 
each 5-year period, the process will have to be repeated 
approximately 10 times to destroy the bulk of chlorofluo- 
rocarbon initially released. In the case of CFC-11, this 
leads to a lifetime of -50 years. For some of the other 
chlorofluorocarbons, stratospheric photodissociation de- 
stroys a smaller fraction of the parent compound within 
a single circuit through the Brewer-Dobson circulation, 
extending the lifetimes considerably (in the case of CFC- 
115, for example, the lifetime is about 500 years [WMO/ 
UNEP, 1994]). If all emissions of these chlorofluorocar- 
bons were to cease immediately, these gases would be 
slowly removed from the atmosphere on such timescales 
according to the processes depicted in Figure 2. A con- 
cise review of global emissions and future projections is 
provided by Prather et al. [1996]. 
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Figure 3. Key contrasts between F, C1, and Br for ozone loss 
are linked to their gas phase partitioning processes illustrated 
here. 

The challenges facing geoengineering strategies to 
mitigate ozone losses by, for example, making more 
ozone, have been recognized for decades. The energy 
required to break the 02 bond in order to make two 
ozone molecules is about 5.1 eV, so that the power input 
required to produce the ozone layer is about 2 x 1013 W 
[Hunten, 1977]. This power is provided on a natural and 
continuing basis by the Sun but was estimated at 
times mankind's total artificial power generation in 1970 
[Hunten, 1977]. Making enough ozone to artificially re- 
place even a small fraction of the global burden would 
still be an extremely expensive proposition today. Alter- 
native schemes involving interference with chlorine 
chemistry have also been shown to be impractical [see, 
e.g., Viggiano et al., 1995]. Hence the reduction of global 
emissions and the resulting gradual removal of atmo- 
spheric chlorine is the only known practical approach to 
future recovery of the ozone layer. 

2.3. Chemical Partitioning, Chlorine Sources, and 
Gas Phase Chemistry Fingerprints 

The foregoing discussion and the references therein 
outline the dominant catalytic processes that control 
ozone chemistry and describe in general terms why com- 
pounds such as chlorofluorocarbons released at ground 
level reside in the global atmosphere over timescales of 
decades to centuries. Along with these catalytic cycles, 
chemical partitioning processes play a major role in 
ozone destruction that is dramatically illustrated by the 
contrasts between F, C1, and Br gas phase chemistry 
shown in simplified form in Figure 3. Briefly, the halogen 
atoms released in the stratosphere from chlorocarbon, 
bromocarbon, and fluorocarbon source gases can form 
acids (through abstraction of a hydrogen atom) and 
nitrates (through reaction with NO2). In the case of 
fluorine, the acid HF is quickly formed and so tightly 
bound that essentially all fluorine released from fluorine 
source gases in the stratosphere is irreversibly and rap- 
idly "neutralized" as HF [Rowland and Molina, 1975; 

Stolarski and Rundel, 1975; Sze, 1978]. The amount of 
atomic fluorine and FO available to participate in ozone- 
destroying catalytic cycles (or, in chemical terms, the 
catalytic chain length [see Johnston and Podolske, 1978]) 
is hence extremely short, and fluorine has a negligible 
impact on ozone (see the recent analysis by D. J. Lary et 
al. (Atmospheric fluorine photochemistry, submitted to 
Journal of Geophysical Research, 1998)). Chlorine forms 
both HC1 [Stolarski and Cicerone, 1974] and C1ONO2 
reservoirs [Rowland et al., 1976]. These gases can, how- 
ever, be reconverted to chlorine atoms by gas phase 
chemistry (i.e., by reaction with OH and photolysis, 
respectively). The amount of C1 and C10 available to 
participate in ozone-destroying catalytic chemistry 
therefore is critically dependent on the partitioning of 
chlorine between these "active" chlorine radicals and the 

non-ozone-destroying "reservoirs," HC1 and C1ONO2. 
The rates of chemical formation and destruction of the 

reservoirs control this partitioning. Bromine is less 
tightly bound than chlorine, so that relatively little of the 
bromine released from bromocarbons is tied up in HBr 
and BrONO2, rendering this atom quite effective for 
ozone loss [Wofsy et al., 1975; Yung et al., 1980; Lary, 
1996], especially in combination with chlorine [Tung et 
al., 1986; McElroy et al., 1986]. Although there are sig- 
nificant human sources of bromine, the contemporary 
abundances of total stratospheric bromine are about 200 
times smaller than those of chlorine [e.g., Schauffier et 
al., 1993; Wamsley et al., 1998]. Iodine may also partici- 
pate in ozone-destroying catalytic cycles with bromine 
and chlorine [Solomon et al., 1994, 1997] but its strato- 
spheric abundance is believed to be much smaller than 
those of bromine and chlorine, and its primary sources 
are believed to be natural rather than largely or partly 
man-made as in the case of fluorine, chlorine, and bro- 
mine. 

While many natural processes produce chlorine at 
ground level (including for example, sea salt and volca- 
nic emissions of HC1), these compounds are efficiently 
removed in precipitation (rain and snow) owing to high 
solubility. The removal of HC1 emitted, for example, by 
volcanoes is extremely efficient [see, e.g., Tabazadeh and 
Turco, 1993], rendering even the most explosive volcanic 
plumes ineffective at providing significant inputs of chlo- 
rine to the stratosphere (as was demonstrated in direct 
observations of volcanic plumes by Mankin et al. [1992] 
and Wallace and Livingston [1992]). 

In contrast, airborne observations of the suite of 
chlorofluorocarbons at the base of the tropical strato- 
sphere [see, e.g., Schauffier et al., 1993] show that the 
total chlorine content in air entering the lowermost 
stratosphere due to chlorofluorocarbons in 1992 was 
about 3.0 ppbv, compared with only ---0.1-0.2 ppbv from 
concurrent measurements of HC1 and ---0.5-0.6 ppbv 
from CH3C1 , which is the sole stratospheric chlorocar- 
bon that has significant natural sources. Observations 
such as those in Figure 2 have confirmed that the tem- 
poral trends in global surface level abundances of chlo- 
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Figure 4. (left) Observations of chlorine partitioning 
as a function of altitude from an instrument on board 

the space shuttle [Zander et al., 1996]. (right) Observed 
vertical profile of the ozone trend at northern midlati- 
tudes [Harris et al., 1998], together with a current 
model estimate [from Solomon et al., 1997]. 

rofluorocarbons are consistent with the known industrial 

emissions [e.g., Montzka et al., 1996; Prinn et al., 1995; 
WMO, 1985; WMO/UNEP, 1991, 1994, 1999], both in 
terms of the buildup of these gases in past decades and 
the slower accumulation in the 1990s following reduc- 
tions in global use (see also Plate 5 below). 

Observations of HC1, C10, C1ONO2, and other chlo- 
rine-bearing gases by infrared spectroscopy onboard the 
space shuttle [Michelsen et al., 1996; Zander et al., 1996] 
or from satellites [Dessler et al., 1995, 1998] allow study 
of how chlorine is chemically partitioned in the middle 
and upper stratosphere in some detail, as shown in the 
left-hand side of Figure 4. In the uppermost stratosphere 
above ---45 km, nearly all of the chlorine released from 
source molecules such as CFCs (hereinafter referred to 
as Cly) is sequestered in the HC1 reservoir, owing largely 
to the efficacy of the reaction of C1 + CH 4 at warm 
temperatures and high C1/C10 ratios there. Recent mod- 
els [Michelsen et al., 1996], stratospheric observations 
[Stachnik et al., 1992; Chandra et al., 1993], and labora- 
tory measurements [Lipson et al., 1997] (see Jet Propul- 
sion Laboratory (JPL) [1997]) suggest that a small yield 
of HC1 in the reaction of C10 with OH also affects the 

HC1/C10 partitioning in this region. 
Because nearly all of the chlorine and fluorine re- 

leased from chlorofluorocarbons resides as HC1 and HF 

in the stratosphere near 50 km, observations of these two 
gases in this region provide key verification of their 
attribution to CFC sources. Recent global data by Rus- 
sell et al. [1996] display abundances and trends in both 
HC1 and HF near 50 km that are quantitatively consis- 
tent with observations of the chlorofluorocarbons at 

ground level; these observations therefore confirm that 
CFCs are the key sources for stratospheric chlorine and 
fluorine. Taken together, the global measurements of 
HC1, HF, other chlorine compounds, and the CFC 
source gases both at the surface and in the tropopause 

region [e.g., Russell et al., 1993; Zander et al., 1996; 
Montzka et al., 1996; Schauf-fier et al., 1993] provide 
direct evidence that the chlorine content of the contem- 

porary stratosphere has been greatly perturbed, with 
about 85% of the 1992 stratospheric chlorine burden 
attributable to human activities. 

Crutzen [1974] and Crutzen et al. [1978] carried out 
some of the first detailed chemical models of ozone 

depletion, building upon the studies of Stolarski and 
Cicerone [1974], Molina and Rowland [1974] and Row- 
land and Molina [1975] and including the chemical un- 
derstanding outlined above. Crutzen [1974] predicted a 
relative maximum in C10 near 40 km, which was broadly 
confirmed a few years later by observations of C10 by 
Anderson et al. [1977], Parrish et al. [1981], and Waters et 
al. [1981]. Largely because of this relative maximum in 
C10, Crutzen [1974] predicted a maximum in ozone 
depletion in the same region (although other factors 
such as the availability of atomic oxygen also contribute 
to the vertical profile of ozone depletion). The left-hand 
side of Figure 4 shows that current observations of the 
C10/Cly profile in the middle and upper stratosphere 
agree with those early predictions and observations. 

While there have been indications of ozone depletion 
in the upper stratosphere for more than a decade [e.g., 
Ozone Trends Panel, 1988], only within the past few years 
has it been well quantified [e.g., Miller et al., 1995; Harris 
et al., 1998]. Sample observations of the northern mid- 
latitude ozone profile trends as shown in the right-hand 
side of Figure 4 display a maximum near 40 km, just as 
predicted more than 2 decades ago. The close agree- 
ment between the vertical shapes of the observed and 
predicted ozone changes in the upper stratosphere pro- 
vides strong evidence for gas phase chlorine-catalyzed 
ozone depletion chemistry. Further, the correspondence 
between the shapes of the vertical profiles of the ob- 
served ozone depletion and of the C10/Cly ratio attests 
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to lhe role of partitioning processes in modulating this 
chemistry. Indeed, this is the first of several "finger- 
prints" that can be used to establish the role of chlorine 
in ozone depletion. 

Plate 1 presents another fingerprint illustrating the 
role of gas phase chemistry and chlorine partitioning in 
ozone depletion, namely, the latitudinal gradients in 
upper stratospheric C10 and ozone depletion. In the 
early 1980s, global measurements of methane by satellite 
illustrated that the strong upwelling of the Brewer-Dob- 
son circulation in the tropical upper stratosphere (see 
Figure 2) gives rise to a maximum in methane there 
[Jones and Pyle, 1984]. The enhanced methane, in turn, 
was predicted to lead to a tropical minimum in C10 
through its dominant role in C10/HC1 partitioning and 
hence in ozone depletion [Solomon and Garcia, 1984]. 
Current global satellite observations of C10 [Waters et 
al., 1993; Waters et al., 1999], as shown in the left panel 
of Plate 1, indeed display a strong latitudinal gradient 
with a pronounced minimum in the tropics. Satellite 
observations of the latitudinal variation of the ozone 

trends over the past 15 years (right panel of Plate 1) 
reveal a similar spatial pattern in the upper stratosphere 
as predicted. Thus not only the vertical profile but also 
the latitudinal structure of the ozone depletion above 
-25 km parallels the patterns observed in C10. These 
spatial variations in ozone depletion point towards gas 
phase chlorine chemistry and highlight the role of chem- 
ical partitioning in modulating ozone depletion. For 
further discussion of other factors influencing upper 
stratospheric ozone (including, for example, the roles of 
temperature, water vapor, and other factors) see Mtiller 
et al. [1999] in the WMO/UNEP [1999] ozone assess- 
ment. Plate 1 also shows very high C10 abundances in 
the lower stratosphere (below 30 km) over the Antarctic 
in austral spring, where gas phase chemical partitioning 
would not predict it. These are a focus of the next 
section. 

3. HETEROGENEOUS CHEMISTRY UNDER COLD 

CONDITIONS: THE ANTARCTIC OZONE HOLE 

3.1. Discovery and Verification of the Ozone Hole 
Measurable ozone depletion was first documented in 

the Antarctic spring at the British Antarctic Survey sta- 
tion at Halley [Farman et al., 1985]. Farman et al. 
showed that the ozone hole is confined to particular 
seasons (i.e., spring) and to south polar latitudes. These 
pioneering findings were quickly confirmed by space- 
based measurements [Stolarski et al., 1986] and by ob- 
servations at other Antarctic sites [e.g., Komhyr et al., 
1986]. Observations of total column ozone using infrared 
[Farmer et al., 1987] and visible spectroscopy [Mount et 
al., 1987] provided further support for the seasonal de- 
pletion of springtime ozone using independent methods. 
As the satellite measurements confirmed that the deple- 
tion extended over roughly the entire continent, the 

phenomenon became known as the Antarctic ozone 
"hole." 

While the Antarctic ozone hole is not a true hole, in 
the sense that some column ozone remains even in the 

most extreme depletions observed in the mid 1990s 
(when October ozone minima were near 100 Dobson 
units (DU) over the South Pole, or depletion of about 
two thirds of the historical levels [see Hofmann et al., 
1997]), the descriptor captures the fact that the peak 
depletion is sharply limited to Antarctic latitudes. Dob- 
son [1968 and references therein] noted that there is less 
ozone naturally present over Antarctica than over the 
Arctic in winter and spring, but this climatological dif- 
ference between the natural ozone levels over the poles 
of the two hemispheres should not be confused with the 
abrupt decline that began near the mid-1970s as de- 
picted in Figure 1. Newman [1994] discusses these and 
other historical measurements of total ozone and shows 

that the Antarctic ozone hole began in the last few 
decades. 

The latitudinal gradients in Antarctic ozone depletion 
are related to the dynamical structure of the polar winter 
stratosphere, whose circulation can be viewed as a vortex 
[see, e.g., Schoeberl et al., 1992a; Holton et al., 1995]. 
Briefly, the absence of solar illumination in high-latitude 
winter leads to cooling over the poles and hence a large 
temperature gradient near the polar terminator. This 
thermal gradient implies rapid zonal (west-east) flow 
characterizing the "jet" at the edge of the vortex, while 
the air within the vortex is relatively isolated in compar- 
ison with surrounding midlatitude regions, allowing 
deep depletion to develop. Differences in the pre-1970s 
ozone abundances in the two polar vortices first noted by 
Dobson [1968] are related to differences in atmospheric 
waves and circulation patterns, which are in turn driven 
by factors relating to surface topography (e.g., distribu- 
tion of mountains, oceans, and continents). In brief, the 
north polar vortex is generally more disturbed by atmo- 
spheric waves forced from beneath by flow over a more 
variable surface topography. These lead to greater mix- 
ing and faster downward motion, which both increases 
the natural wintertime Arctic ozone abundances (by 
bringing down ozone-rich air from above) and warms the 
lower stratosphere (through adiabatic compression). 
Temperatures in the Antarctic vortex are both colder 
and less variable than those of the Arctic, which strongly 
influences the polar ozone depletion in the two hemi- 
spheres (sections 3.3 and 6 below). 

Plate 2 shows measurements of the seasonal cycle of 
ozone at Halley in historical and recent data, which show 
that the depletion occurs only over a limited portion of 
the year. These observations demonstrate that contem- 
porary observations of ozone at Halley in late August 
(end of austral winter) are near historical levels, while 
the bulk of the ozone loss there occurs rapidly during the 
month of September. The ozonesonde data [e.g., Hof- 
mann et al., 1987] further underscore this point. 

Farman et al. [1985] presented evidence for large 
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trends in October Antarctic total ozone that were com- 

pletely unanticipated at the time. They suggested chlo- 
rofluorocarbons as the likely cause. This assertion was 
remarkable because the observed depletion was far 
larger than was ever anticipated up to that point. Scien- 
tific understanding of the behavior of the ozone layer 
prior to Farman et al.'s discovery suggested that trends 
of a few percent in total ozone might begin to become 
observable sometime in the twenty-first century if chlo- 
rofluorocarbon emissions continued [see, e.g., Wuebbles 
et al., 1983]. The reason that the predicted changes were 
relatively small and far in the future is reflected in the 
discussion of gas phase chemistry outlined in section 2. 
Figures 3 and 4 show that a gas phase chemical under- 
standing predicts that chlorine's greatest impact on 
ozone occurs in the upper stratosphere near 40 km. 
Since the bulk of the total ozone column lies in a layer at 
much lower altitudes near 10-30 km, the integrated 
impact on the total ozone column is small with such a 
depletion profile. Further, this framework does not iden- 
tify Antarctica as a site of particular significance for 
ozone depletion. As Figure 1 illustrates, the Antarctic 
ozone depletion was the earliest to be observed and 
remains the most extreme on Earth at the time of this 

writing [see Jones and Shanklin, 1995]. 
Measurements of the vertical profile of the depletion 

within the ozone hole were first presented by Chubacht 
[1984] and were rapidly followed by other data such as 
those of Hofmann et al. [1987], Gatdiner [1988], and 
Iwasaka and Kondoh [1987], and more recently in satel- 
lite studies such as that of Bevilacqua et al. [1997]. 
Hofmann et al. [1997] presented a detailed analysis of 
many years of ozonesonde measurements at the South 
Pole. Figure 5 summarizes a key result of that study, 
showing that the depletion of the Antarctic ozone col- 
umn is largely confined to altitudes from ---12 to 25 km, 
far below the altitudes where gas phase chlorine chem- 
istry would predict major changes. Figure 5 also illus- 
trates the shape of the unperturbed ozone "layer" ob- 
served in historical ozone data, as well as the near-total 
removal of ozone in the heart of the layer in a typical 
contemporary sonding for early October. Finally, Figure 
5 shows the close correspondence between the region 
where most of the ozone is depleted and a vertical 
profile of a typical polar stratospheric cloud (PSC) ob- 
served at the South Pole [Collins et al., 1993]; the critical 
role of these clouds in formation of the ozone hole is 

discussed in section 3.3. 

3.2. Solar and Dynamical Theories of the Origin of 
the Ozone Hole 

Observations not just of Antarctic ozone, but also of 
the factors that affect it, such as chemical species (e.g., 
NO 2 and C10) and meteorological properties, were ex- 
tremely limited at the time of the discovery of this 
dramatic and unanticipated ozone loss. As a result, a 
variety of different theories were advanced as plausible 
explanations. The conflicting theories were reviewed by 
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Figure 5. (left) Observations of the vertical profile of ozone observed at the South Pole during Octobers in 
the late 1960s and early 1970s, contrasted with those of 1986 and 1997. Total ozone (DU) is indicated for each 
profile, from Hofmann et al. [1997]. (right) Typical polar stratospheric cloud observed at the South Pole from 
the observations of Collins et al. [1993]. 

Solomon [1988]; the theories that were not supported by 
observations will be briefly discussed in this section. 

The primary dynamical theory of ozone depletion 
rested upon the notion that illumination of the cold 
polar lower stratosphere at the end of winter could give 
rise to heating and net upward motion [Tung et al., 1986; 
Mahlman and Fels, 1986]. As is illustrated in Figure 5, 
there is far less ozone in the troposphere than the 
stratosphere, so that upward transport of ozone-poor air 
from the troposphere to the stratosphere could locally 
decrease the Antarctic ozone column. However, obser- 
vations of conservative tracers that serve to illustrate the 

direction of dynamical flow such as aerosols [Hofmann et 
al., 1987], nitrous oxide [Parrish et al., 1988; Loewenstein 
et al., 1989], and other long-lived gases [Jaramillo et al., 
1989; Toon et al., 1989] quickly demonstrated that the 
ozone hole was not caused by such upward motion. 
Indeed, much as Brewer [1949] deduced the nature of 
global transport from observations of water vapor as a 
tracer of atmospheric dynamics, so have observations of 
a wide variety of chemical tracers shown that transport is 
directed downward within the Antarctic stratosphere in 
spring rather than upward, although there is still debate 
about the strength of this fluid flow and the degree of 
exchange of air between lower latitudes and polar re- 
gions [e.g., Hartmann et al., 1989; Tuck, 1989; Tuck et al., 
1997; Schoeberl et al., 1990, 1992a, 1995; Manney et al., 
1995a, b]. 

Enhanced nitrogen oxides from high solar activity 
that occurred in the early 1980s were also proposed as a 
cause of the ozone hole [Callis and Natarajan, 1986], 
drawing upon the well-known catalytic chemistry of NOx 
and its enhancement by processes such as solar proton 
events as discussed in section 1. While chemical in char- 

acter, this theory is diametrically opposite to the chlorine 
theory, which requires that nitrogen oxide abundances 
be suppressed so that chlorine oxides are not tied up in 
the chlorine nitrate reservoir (see Figure 3 and section 

3.3). The solar theory proved to be in conflict with 
observations. Measurements of the nitrogen dioxide col- 
umn by Noxon [1978] and McKenzie and Johnston [1984] 
displayed reduced rather than enhanced nitrogen oxides 
over the south polar regions. After the discovery of the 
ozone hole, similar measurements confirmed those early 
data using both infrared and visible spectroscopy meth- 
ods [Coffey et al., 1989; Farmer et al., 1987; Mount et al., 
1987]. Airborne measurements of the latitudinal gradi- 
ent of nitric oxide at 20 km (in the heart of the south 
polar ozone destruction region as shown in Figure 5) by 
Fahey et al. [1989a] using a chemiluminescence method 
are compared with the data of Noxon [1978] in Figure 6. 
Both data sets show that the southern high-latitude 
winter-spring stratosphere contains a minimum in nitro- 
gen oxides rather than a maximum as required by the 
solar theory of Antarctic ozone depletion. The differ- 
ences in the location of the steep gradient between the 
two data sets likely reflect differences in season and local 
motion of the polar vortex. The observed shape of the 
profile of ozone depletion is also in conflict with the solar 
theory, which would predict greater ozone losses at higher 
altitudes rather than removal only in a narrow range of 
altitude from -12 to 25 km as shown in Figure 5. 

It is interesting to note that the observations of Noxon 
[1978, 1979] revealed strong evidence for a "cliff" in 
NO 2 in polar regions several years before the Antarctic 
ozone hole was discovered. The chemistry of this anom- 
aly was not understood, and it was called out as one of 
the challenges to scientific understanding of strato- 
spheric chemistry of the time [see, e.g., WMO, 1985]. We 
now know that the chemistry that produced Noxon's cliff 
is tied to that of the ozone hole; the relationship be- 
tween NO 2 and C10 will be discussed further below. 
Arguably, the ozone hole might have been predicted 
before it was observed had the Noxon cliff been better 

understood in the early 1980s. 
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Figure 6. Observations of the "cliff" in NO 2 reported by 
Noxon [1978]. The solid and dashed lines represent Northern 
Hemisphere measurements, while the solid circles and crosses 
show Southern Hemisphere evening and morning twilight data, 
respectively. The NO measurements of Fahey et al. [1989a] are 
shown for comparison. The two molecules interchange rapidly 
with one another in the sunlit atmosphere and hence provide a 
measure of NOx. Both data sets show very low NOx in the 
high-latitude stratosphere. 

3.3. Heterogeneous Chlorine Chemistry and 
Antarctic Ozone Depletion: Early Theoretical Studies 

The light was especially good today; the sun was 
directly reflected by a single twisted iridescent cloud 
in the North, a brilliant and most beautiful object. 

Robert Falcon Scott, diary entry for August 1, 1911 
[Scott, 1996, p. 264] 

This quotation from one of the first explorers to stand 
at the South Pole documents the fact that polar strato- 
spheric clouds were present in the Antarctic long before 
the advent of the ozone hole. The term "polar strato- 
spheric clouds" was coined by McCormick et al. [1982], 
who first presented satellite observations of high-altitude 
clouds in the Antarctic and Arctic stratospheres. The 
data showed that the Antarctic clouds were present from 
June to late September, that they were associated with 
cold temperatures below -200 K, and that they occurred 
between ---12 and 25 km. Three quarters of a century 
after their observation during Scott's expedition and 
several years after the first satellite observations, it be- 
came clear that PSCs are a critical factor in the ozone 

hole. 

Solomon et al. [1986] suggested that HC1 and 
C1ONO2 might react on the surfaces of PSCs, perturbing 
gas phase chlorine partitioning in a manner that could 
greatly accelerate ozone loss in the Antarctic lower 
stratosphere (HC1 + CIONO 2 --> HNO 3 + CI2; see 

(R28) in Table l). The C12 formed would photolyze 
rapidly in sunlit air and rapidly form C10. They also 
pointed out that this and related heterogeneous reac- 
tions would suppress the concentration of NO 2 by form- 
ing HNO3, so that the C10 thereby released could not 
readily reform the C1ONO2 reservoir. Thus it was rec- 
ognized that rapid ozone loss via chlorine chemistry 
would require (1) the heterogeneous "activation" of 
chlorine from both the HC1 and C1ONO 2 reservoirs and 
(2) the suppression of NO2, an essential element in 
keeping the chlorine active. The production of C12 in this 
process implies that sunlight would be required to re- 
lease C1, so that the ozone depletion would occur when 
air was not only cold but also sunlit (i.e., largely in spring 
as observed, rather than in winter when the polar cap is 
continuously dark or summer when it is warm). Some 
ozone loss can take place even in polar winter, however, 
due to atmospheric waves that move polar air out to the 
sunlit atmosphere for brief periods [Tuck, 1989; Sanders 
et al., 1993; Roscoe et al., 1997]. 

Observations of PSCs, low NO 2 amounts in polar 
regions (Figure 6), enhanced polar HNO3 [Murcray et 
al., 1975; Williams et al., 1982] and the vertical profile of 
the ozone depletion based upon the Japanese measure- 
ments [Chubachi, 1984] were cited in support of heter- 
ogeneous chemistry as the primary process initiating 
Antarctic ozone depletion. Such a mechanism would be 
most effective in the Antarctic because of colder tem- 

peratures and greater PSC frequencies there than in the 
corresponding seasons in the Arctic [McCormick et al., 
1982], a point discussed further below. 

As in the discussion of gas phase chemistry, a com- 
plete understanding of ozone depletion requires consid- 
eration not only of how much C10 is present (i.e., 
C10/Cly) but also of the catalytic cycles in which C10 
may engage. Solomon et al. [1986] emphasized the cat- 
alytic ozone destruction initiated by the reaction be- 
tween HO 2 and C10. However, this process cannot de- 
stroy enough ozone early enough in the spring season to 
be consistent with the detailed seasonality of the ozone 
loss process as shown above in Plate 2. 

Molina and Molina [1987] showed that very rapid 
ozone depletion can occur through a previously unrec- 
ognized catalytic cycle involving formation and photoly- 
sis of a ClO dimer, C1202. Following a period of some 
uncertainty regarding the kinetics and photochemistry of 
the dimer, laboratory studies confirmed its importance 
[e.g., Sander et al., 1989] (see Rodriguez et al. [1990] for 
model calculations and JPL [1997] for a detailed sum- 
mary of laboratory data). This cycle is now well recog- 
nized as the primary catalytic process responsible for 
about 75% of the ozone removal in the ozone hole. 

McElroy et al. [1986] and Tung et al. [1986] empha- 
sized the role of bromine chemistry in ozone hole for- 
mation (in particular, its coupling to chlorine through 
the reaction between C10 and BrO); this cycle is now 
known to contribute about 20% to the annual formation 

of the Antarctic ozone hole [e.g.,Anderson et al., 1989]. 
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Both McElroy et al. [1986] and Tung et al. [1986] also 
emphasized the need for reduced NO 2 in order for C10 
to remain active (noting the links to the Noxon cliff), and 
McElroy et al. [1986] also emphasized the Japanese 
ozonesonde observations, particularly the observation of 
ozone loss at low altitudes, where bromine can be very 
effective for ozone destruction. 

Partly because of limited analysis of Antarctic strato- 
spheric temperatures, early studies such as those de- 
scribed above were not specific about the type of parti- 
cles of which the observed PSCs were composed. It was 
generally assumed that the particles were mainly water 
ice [Steele et al., 1983]. Stratospheric ice clouds are 
frequently optically thick and brilliant in color, like those 
observed by Captain Scott. Such clouds form when tem- 
peratures drop below the frost point and are now re- 
ferred to as type 2 PSCs. However, more sensitive satel- 
lite measurements [McCormick et al., 1982] suggested 
that optically thinner PSCs were also present at warmer 
temperatures. 

Toon et al. [1986] and Crutzen and Arnold [1986] 
pointed out that the PSCs particles might be composed 
not only of water ice but also of solid nitric acid trihy- 
drate (NAT). Both studies noted that such composition 
could affect the impact on ozone in two ways: (1) by 
reducing the amount of nitrogen oxide that could be 
present (i.e., not only by forming nitric acid but also by 
removing it from the gas phase) and (2) by raising the 
temperature at which clouds could form, since thermo- 
dynamic analyses suggested that NAT could condense at 
temperatures well above the frost point. These clouds 
came to be known as type 1 PSCs. In addition, Toon et al. 
[1986] suggested that sedimentation of large particles 
could result in denitrification of the stratosphere. The 
removal of nitric acid not only from the gas phase but 
from the stratosphere altogether would have a potential 
to further reduce NO 2 concentrations and hence en- 
hance C10/CIONO 2 ratios and attendant chlorine-cata- 
lyzed ozone loss. McElroy et al. [1986] also considered 
the possibility of nitric acid-water particles, suggesting 
that nitric acid monohydrate (NAM) was likely to form. 

Table 1 includes a list of the major heterogeneous 
processes of importance in the stratosphere. Through 
these heterogeneous reactions, the chemical partitioning 
of chlorine in the Antarctic lower stratosphere in spring 
can be greatly perturbed in comparison with gas phase 
chemistry, making chlorine (and its coupling with bro- 
mine) far more damaging to ozone than it would be in a 
gas phase framework. A broad range of models, includ- 
ing two-dimensional [e.g., Isaksen and Stordal, 1986; 
Chipperfield and Pyle, 1988; Brasseur and Hitchman, 
1988; Ko et al., 1989; Rodriguez et al., 1989; Tie et al., 
1997], three-dimensional [e.g., Cariolle et al., 1990; Aus- 
tin et al., 1992; Brasseur et al., 1997; Knight et al., 1998], 
and trajectory and Lagrangian studies [e.g., Jones et al., 
1989; Schoeberl et al., 1996] have probed this basic 
framework and presented numerical analyses of calcu- 
lated ozone trends. Several authors have emphasized the 

importance of atmospheric waves in modulating the 
temperatures and sunlight that influence the ozone loss 
process [e.g., Jones et al., 1989], while others have un- 
derscored the role of interannual variability in dynamical 
conditions in determining not only the temperature- 
dependent chemistry [Tie et al., 1997] but also the re- 
supply of ozone into the depleted region, hence modu- 
lating the chemistry [Knight et al., 1998]. Schoeberl and 
Hartmann [1991] and Schoeberl et al. [1996] have used 
dynamical tracers such as N20 to carefully identify the 
edge of the vortex and show its links to both dynamics 
and chemistry. In particular, they have simulated chem- 
ical perturbations at the outer fringes of the Antarctic 
vortex, including high C1ONO2 abundances observed, 
for example, by Toon et al. [1989]. 

Since ozone provides the primary source of heat to 
the stratosphere through its absorption of UV radiation, 
Shine [1986] noted that the ozone hole should be ex- 
pected to lead to a stratospheric cooling, which in turn 
could make heterogeneous chemistry even more effec- 
tive. The seasonal increase in Antarctic ozone observed 

after October as shown in Plate 2 is associated with the 

seasonal warming and breakdown of the Antarctic vor- 
tex, which allows ozone-rich air to flow into the region. 
Its delay in recent years compared with historical data is 
evident in Plate 2 and suggests that such a positive 
feedback mechanism has indeed modified not only the 
October-November temperatures [Newman and Randel, 
1988] but also the meteorological characteristics of the 
Antarctic stratosphere [see Jones and Shanklin, 1995] in 
a fashion that prolongs the ozone hole. It is important to 
note, however, that analyses of winter temperatures in 
the Antarctic stratosphere reveal little or no evidence for 
cooling before the ozone depletion occurs in September 
[Newman and Randel, 1988; Trenberth and Olson, 1989; 
Jones and Shanklin, 1995], confirming that the meteoro- 
logical changes are primarily a consequence and not a 
cause of the ozone hole. 

3.4. Heterogeneous Chlorine Chemistry and the 
Ozone Hole: Field and Laboratory Observations 

Foremost among the data that established the cause 
of the ozone hole are observations of active chlorine 

species, particularly C10. De Zafra et al. [1987, 1989] 
presented ground-based microwave emission measure- 
ments at McMurdo Station, Antarctica, showing evi- 
dence for greatly enhanced C10 in the lower strato- 
sphere. Near 20 km the observations suggested mixing 
ratios of ---1 ppbv in September, about 100 times greater 
than the 10 pptv predicted by gas phase photochemical 
theory. Anderson et al. [1989] presented in situ airborne 
measurements of C10 using a resonance fluorescence 
method. The latitudinal coverage of the airborne data 
taken flying south from Chile near 20 km showed a very 
steep gradient in C10 as the airplane crossed into cold 
regions within the Antarctic vortex, increasing to about 1 
ppbv in mid-September as shown in Figure 7. Hence 
within a few years after the discovery of the ozone hole, 
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Figure 7. Observations of the latitude gradients in C10, 
NOy, and H20 on a flight of the ER-2 aircraft in September 
1987, showing evidence for extremely high C10 in the Antarc- 
tic together with substantial denitrification and dehydration 
(removal of NOy and H20) associated with PSCs. 

two independent methods confirmed remarkably ele- 
vated C10 abundances in the ozone hole region, which 
are possible only if chlorine is released from both of the 
reservoir gases, HC1 and C1ONO2. 

Figure 8 shows both ground-based and airborne mea- 
surements of C10 in September over Antarctica from 
1987, and compares them with gas phase and heteroge- 
neous photochemical theory. More recently, satellite 
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Figure 8. Observations of the vertical profiles of C10 in the 
Antarctic stratosphere in September 1987 from both ground- 
based microwave remote sensing [de Zafra et al., 1989] and 
aircraft resonance fluorescence techniques [Anderson et al., 
1989]. These data are compared with a gas phase photochem- 
istry model and with the heterogeneous chemistry model of 
Jones et al. [1989], which accounts for air parcel trajectories. 

observations as depicted in Plate 1 have allowed study of 
the full global distribution of C10 [Waters et al., 1993, 
1999] using microwave emission methods that further tie 
the ozone destruction region with the spatial distribution 
of enhancements in C10 [Manney et al., 1995b; Mac- 
Kenzie et al., 1996]. The front cover of this issue of 
Reviews of Geophysics presents satellite observations of 
lower stratospheric ozone and C10 on August 30, 1996, 
over Antarctica. The data show that the region of re- 
duced ozone extends over an area larger than the con- 
tinent beneath and illustrate the close spatial correspon- 
dence between the regions of depleted ozone and those 
of enhanced C10 as first emphasized by Anderson et al. 
[1989]. 

Observations of chlorine dioxide (OC10) via visible 
spectroscopy was another independent method of prob- 
ing the chlorine chemistry that also revealed hundred- 
fold enhancements of active chlorine in the Antarctic 

vortex [Solomon et al., 1987; Wahner et al., 1989; Kreher 
et al., 1996]. This technique also allowed study of the 
seasonal changes in Antarctic chlorine activation and its 
links to PSC chemistry. These showed a seasonal decline 
of OC10 between late August and early October, asso- 
ciated with increasing temperatures and the cessation of 
heterogeneous chemistry [Solomon et al., 1987]. 

Observations of the HC1 column, and in particular its 
ratio to the HF column, strongly suggested that HC1 had 
indeed been converted to active chlorine in the Antarctic 

spring [Farmer et al., 1987; Toon et al., 1989; Coffey et al., 
1989]. The recent global satellite data by Russell et al. 
[1993] further demonstrate this behavior on larger spa- 
tial scales. The first in situ measurements of HC1 show- 

ing evidence for conversion to active chlorine were ob- 
tained in Arctic studies by Webster et al. [1993]; see 
section 6.1. Concurrent global HC1 and C1ONO 2 data 
from the UARS satellite illustrated the simultaneous 

chemical conversion of both species where polar strato- 
spheric cloud surfaces were also present [Geller et al., 
1995; Yudin et al., 1997]. A detailed view of the temper- 
ature dependence of chlorine activation is provided from 
Antarctic in situ observations of both C10 and HC1, 
which dramatically illustrate rapid activation at temper- 
atures below about 195 K [Kawa et al., 1997] (see earlier 
studies by Toohey et al. [1993] and Schoeberl et al. [1993a, 
b]) and provide a key demonstration of rapid heteroge- 
neous chemistry under cold conditions. 

The combination of simultaneous observations of 

C10, HC1, OC10, NO, NO2, and other gases by a variety 
of independent chemical methods demonstrates that the 
springtime Antarctic stratosphere is indeed heavily per- 
turbed compared to expectations from gas phase chem- 
istry, and in a manner consistent with heterogeneous 
reactions on PSC particles. Through the resulting dra- 
matic enhancements in the C10/Cly ratio, chlorine's ef- 
fectiveness for ozone destruction is greatly enhanced. 
For C10 abundances near 1-1.3 ppbv as observed since 
1986-1987 (and BrO abundances near 7-10 pptv [see 
Brune et al., 1989]), Antarctic ozone is destroyed near 20 
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km in September at a rate of about 0.06-0.1 ppmv d -1, 
so that within -40-60 days virtually all of the ozone at 
this level can be depleted unless rapid dynamical resup- 
ply occurs, broadly consistent with Figure 5 [see Ander- 
son et al., 1989; Murphy, 1991; MacKenzie et al., 1996]. 
The cold temperatures observed in the Antarctic during 
September in most years suggest that net downward 
motion (which would tend to warm the air through 
adiabatic compression) and horizontal mixing is rela- 
tively limited at that time. This general picture of rela- 
tive dynamical isolation in the heart of the ozone deple- 
tion region is supported by a number of dynamical 
studies [e.g., Hartmann et al., 1989; Manney et al., 1994b, 
1995a, b; Schoeberl et al., 1995, 1996]. 

The observations offer several different spatial and 
temporal fingerprints that strongly support the identifi- 
cation of chlorine chemistry and its perturbations by 
heterogeneous processes as the principal cause of the 
ozone hole. The measurements shown in Figure 8 reveal 
that the enhanced C10 occurs over about the 12- to 

25-km range, the region where PSCs are observed and 
where the ozone is depleted as shown in Figure 5. The 
airborne data of Anderson and colleagues, as depicted, 
for example, in Figure 7, demonstrate the steep latitu- 
dinal gradient in C10, consistent with the connection of 
the ozone hole to cold Antarctic latitudes; a fully three- 
dimensional view of the same behavior based upon sat- 
ellite data [Waters et al., 1993, 1999] is illustrated in Plate 
2 and the cover of this issue. Seasonal observations of 

OC10, C10, HC1, NO2, and other gases have been used 
to show that the large temporal changes in the abun- 
dances of these chemical species are consistent with the 
time evolution of the ozone hole and with heteroge- 
neous chemistry. In short, the vertical, latitudinal, and 
seasonal behavior observed in active chlorine and a host 

of related species all provide independent evidence con- 
firming the basic processes that control the occurrence 
of the ozone hole. 

Antarctic field measurements also allowed study of 
the formation, composition, and seasonal behavior of 
polar stratospheric clouds. Fahey et al. [1989b, 1990b], 
Gandrud et al. [1989], and Pueschel et al. [1989] carried 
out the first observations of the composition of polar 
stratospheric clouds and demonstrated that the particles 
do indeed contain nitric acid as had been predicted. 
Laboratory studies [Hanson and Mauersberger, 1988] 
confirmed the thermodynamic stability of NAT at tem- 
peratures well above the frost point. Observations dem- 
onstrated that gas phase reactive nitrogen or NOy [Fahey 
et al., 1989b] and water vapor [Kelly et al., 1989] are 
strongly depleted in the Antarctic stratosphere, as was 
predicted by Toon et al. [1986] on the basis of sedimen- 
tation of large type 2 PSC particles. Figure 7 shows 
evidence for NOy and H20 removal in the same region 
displaying enhanced C10 in the Antarctic stratosphere 
(poleward of -64øS in that particular transect) from 
airborne studies. Later measurements documenting the 
"denitrification" and "dehydration" of the Antarctic 

lower stratosphere include those of Santee et al. [1998, 
1999], Voemel et al. [1995] and Pierce et al. [1994]. 

Many laboratory studies have confirmed that rapid 
heterogeneous processes do indeed take place on the 
kind of surfaces present in polar regions. The fundamen- 
tal principles of surface chemistry are outlined in the 
excellent book by Somorjai [1994], which illustrates 
many of the factors that allow surfaces to facilitate 
processes that do not happen, or happen only very 
slowly, in the gas phase. Fairbrother et al. [1997] review 
thermodynamic principles behind stratospheric hetero- 
geneous chemistry. The first laboratory studies of strato- 
spheric reactions on ice by Molina et al. [1987] and 
Tolbert et al. [1987] showed that the reaction of HC1 with 
C1ONO2 indeed takes place readily on water ice films. 
Hanson and Ravishankara [1994] showed that a portion 
of the reaction is due to HOC1 + HC1 --• C12 q- H20 , 
following formation of HOC1 through the surface reac- 
tion C1ONO2 + H•O-• HOC1 + HNO3. Prather [1992a] 
discussed the implications of a surface HOC1 + HC1 
reaction for ozone depletion. Numerous laboratory in- 
vestigations have shown that HC1 reacts with C1ONO• 
on nitric acid trihydrate ice surfaces as well, although the 
rate depends on factors such as the HC1 partial pressure 
and on the water content of the NAT surface [Leu, 1988; 
Abbatt et al., 1992; Hanson and Ravishankara, 1993; 
Peter, 1997; Carslaw and Peter, 1997]. Some authors have 
noted that heterogeneous reactions between bromine 
and chlorine can also contribute to chlorine activation, 
through, for example, reaction between HOBr and HC1 
[Hanson and Ravishankara, 1995; Danilin and McCon- 
nell, 1995]. For a review of recent laboratory studies of 
these and other heterogeneous processes, see JPL 
[1997]. 

Both the nature of stratospheric surfaces and the 
detailed reaction mechanisms that can occur within 

them have been the subjects of many studies. C1ONO• 
hydrolysis on ice may proceed via nucleophilic attack at 
C1 by a lattice water molecule in concert with proton 
transfer [Blanco and Hynes, 1998]. It is possible that 
proton transfer from HC1 to water forms C1- on ice 
surfaces, allowing reaction with C1ONO• through an 
ion-assisted and hence efficient mechanism [Van Doren 
et al., 1994]. Fundamental surface chemistry models sug- 
gest that HC1 forms a bilayer on ice, allowing ionization 
and subsequent surface chemistry [Gertnet and Hynes, 
1996]. On the other hand, Materer et al. [1997] suggest 
that a quasi-liquid layer displaying less order than the 
bulk may be present at an ice surface under stratospheric 
conditions, so that uptake of HC1 into stratospheric ice 
particles may occur through a process akin to solution at 
a quasi-liquid interface. In addition to these interesting 
questions regarding the fundamental physical chemistry 
of heterogeneous reactions in the stratosphere, the un- 
derstanding of the composition of polar stratospheric 
clouds has also been a subject of intense study and is the 
subject of the next section. 
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4. FORMATION, COMPOSITION, AND CHEMICAL 
ROLE OF POLAR STRATOSPHERIC CLOUDS: 

RETHINKING PSCS 

The foregoing discussion illustrates the rapid progress 
made toward understanding the key role of heteroge- 
neous chlorine chemistry on polar stratospheric clouds 
in the formation of the Antarctic ozone hole in the last 

half of the decade of the 1980s. However, at present our 
conceptual picture of the composition and chemistry of 
PSCs has evolved considerably from the relatively simple 
one that prevailed a decade ago. Detailed recent reviews 
of the microphysics, thermodynamics, and heterogenous 
chemistry of stratospheric particulates are provided by 
Peter [1997] and Carslaw et al. [1997a], and excellent 
short summaries of laboratory work are given by Tolbert 
[1994, 1996]. Only the key points will be reviewed here. 
Both Arctic and Antarctic observations that jointly con- 
tribute to this understanding will be described in this 
section. 

4.1. What Are PSCs Made of? 

Toon et al. [1990] were the first to present evidence 
that PSCs may be composed of liquid as well as solid 
particles, drawing upon lidar measurements by Browell et 
al. [1990]. Briefly, the observations by Browell et al. 
[1990], and later work [e.g.,Beyerle et al., 1994;Adriani et 
al., 1995; Steffanutti et al., 1995; Gobbi et al., 1998] 
showed evidence for high backscatter (hence the detec- 
tion of clouds). However, while some data revealed high 
accompanying depolarization as expected for aspherical 
solid particles, other measurements showed very low 
depolarization of the backscatter signal, suggesting liq- 
uid rather than solid particles. The two distinct cloud 
types resulted in a further subdivision of PSCs into type 
la (depolarizing solid) and type lb (nondepolarizing 
liquid). 

In situ and satellite measurements also showed evi- 

dence for shortcomings in our understanding by demon- 
strating that while PSCs form at temperatures above the 
frost point and do contain nitric acid, the detailed rela- 
tionships to temperature are often difficult to reconcile 
with NAT thermodynamics [Kawa et al., 1990, 1992; 
Rosen et al., 1989; Arnold, 1992; Dye et al., 1996; De! 
Negro et al., 1997; Santee et al., 1998a]. Toon and Tolbert 
[1995] further showed that infrared spectra of type 1 
PSCs observed over Antarctica were inconsistent with 

those expected for NAT. ' 
Arnold [1992] showed evidence for uptake of HNO3 

into PSCs that could not be reconciled with NAT parti- 
cles and suggested that ternary liquid HNO3-H2SO 4- 
H20 particles might be responsible for the observed 
anomalies. The introduction of H2SO 4 in this discussion 
merits a brief description of its origins. It has been 
known since the pioneering work of Junge et al. [1961] 
that particles composed of sulfuric acid and water form 
throughout the stratosphere. The mechanism responsi- 
ble for growth of PSCs was originally thought to involve 

freezing of these "background" sulfate aerosol particles 
followed by uptake of nitric acid and water when the 
NAT condensation temperature was reached [Dye et al., 
1992; Molina et al., 1993] (see Peter [1997] and refer- 
ences therein). Recent observations and theoretical 
studies raise many questions about this picture, as is 
discussed below. 

Observations by Dye et al. [1992] and their analysis by 
Carslaw et al. [1994],Drdla et al. [1994] and Tabazadeh et 
al. [1994] have demonstrated that some PSCs are prob- 
ably composed of supercooled ternary liquid solutions of 
HNO3-H2SO4-H20. Briefly, the observations showed a 
smooth growth in particulate volume with decreasing 
temperature rather than a "step function" in growth at 
the stability point for NAT. The dependence of the 
growth of particulate volume with temperature closely 
followed model predictions based on the thermodynam- 
ics of ternary liquid solutions (see Carslaw et al. [1997a] 
for an in-depth review). Laboratory studies support this 
picture by demonstrating that realistic solutions and 
particles containing sulfuric acid, water, and nitric acid 
remain liquid even at very cold temperatures, as low as 
188 K [e.g., Beyer et al., 1994; Koop et al., 1995, 1997; 
Anthony et al., 1997; Clapp et al., 1997; Bertram and 
Sloan, 1998]. Indeed, the results of these recent labora- 
tory studies show that it is extremely difficult to make 
such particles freeze at temperatures above the frost 
point, even when they are kept cold for many hours. 

Thus recent field and laboratory observations, and 
related modeling studies, have substantially altered the 
conceptual understanding of PSCs. The data show that 
PSCs are liquid much of the time. While there is no 
difficulty understanding the formation of frozen type 2 
water ice clouds that form below the frost point [see 
Poole and McCormick, 1988a, b; MacKenzie et al., 1995; 
Peter, 1997], the mechanism whereby solid type 1 PSCs 
sometimes (but not always) are present at temperatures 
above the frost point [e.g., Poole et al., 1988] is not clear. 
The studies by Tabazadeh et al. [1996], Santee et al. 
[1998a], and Larsen et al. [1997] suggest that tempera- 
ture histories as well as local temperatures are likely to 
be important in determining when and if freezing occurs. 
Mesoscale temperature fluctuations (i.e., transient rapid 
cooling in atmospheric waves) could lead to nonequilib- 
rium conditions under which NAT or the nitric acid 

dihydrate, NAD (emphasized by Worsnop et al. [1993]) 
could freeze [Meilinger et al., 1995; Tsias et al., 1997]. 

On the other hand, Tabazadeh et al. [1994] and Taba- 
zadeh and Toon [1996] have emphasized amorphous 
solid solutions and water-rich hydrates as possible pre- 
cursors to freezing, while MacKenzie et al. [1995] and 
Drdla et al. [1994] suggested that trace impurities in 
stratospheric particles (such as meteoritic material, or- 
ganics, or soot; see observations by Murphy et al. [1998]) 
may play a key role in the freezing process. However, 
Iraci et al. [1998] recently showed that solid sulfuric acid 
tetrahydrate (SAT) particles may form in the laboratory 
under certain conditions, then (in a perhaps ironic twist) 
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Figure 9. (left) Laboratory data on the effi- 
ciency of the reaction between HC1 and 
C1ONO2 for ice, nitric acid-water solid sur- 
faces, and liquid sulfuric acid-water solutions. 
(right) Altitude variation of the temperature at 
which the efficiency of this reaction on liquid 
sulfuric acid-water solutions becomes greater 
than 0.3 for water vapor mixing ratios typically 
observed in the lower stratosphere. 

take up HNO 3 not in a cooling but in a melting phase, 
which could be followed not by complete melting of the 
particle but rather by crystallization of NAT. Thus the 
solid SAT could form a core that allows uptake of HNO 3 
into a liquid melting surface, followed by freezing. 

4.2. What is the Effect of Different Surfaces on 

Ozone Depletion Chemistry? 
It is extremely important to consider whether the 

phase and microphysical mechanisms underlying PSC 
formation are important for ozone depletion. The up- 
take of condensable vapors enhances surface areas when 
PSCs are present. This increases the gas-particle colli- 
sion frequency and hence can enhance the rates of 
heterogeneous reactions. Background stratospheric 
aerosols grow into type la and/or type lb particles as 
they cool, then further grow into type 2 water ice PSCs 
if temperatures fall below the freezing point. The impact 
of enhanced surface areas for chemistry depends not 
only on the frequency with which gases strike these 
surfaces but also on the reactivity of the surfaces and the 
availability of those gases. 

Let us first consider how reactive the different sur- 

faces are and where they are to be found in the strato- 
sphere. Laboratory studies have shown that water ice, 
NAT, and liquid ternary solutions are all effective for 
activating chlorine heterogeneously, but with differing 
efficiencies and with different dependencies on temper- 
ature, water vapor abundance, and pressure [e.g., 
Carslaw et al., 1997a; JPL, 1997, and references therein]. 
These dependencies are related to the thermodynamics 
of the different surfaces, which control not only their 
surface areas but also their composition (especially the 
uptake of HC1 onto/into the particles). 

Figure 9 summarizes a number of laboratory mea- 
surements of the efficiency of the key heterogeneous 
surface reaction HC1 + C1ONO 2 --> C12 + HNO 3 (where 

1 indicates reaction on every collision of C1ONO2 with a 
surface, 0.1 indicates 1 reaction in 10 collisions, etc.). 
Water ice is believed to be highly reactive wherever it 
can form, but the thermodynamics of ice condensation 
imply that rather cold temperatures are required to form 
it in the stratosphere (e.g., below ---188 K near 20 km). 
There is currently debate about the efficiency of NAT 
for this reaction [Carslaw and Peter, 1997; JPL, 1997] as 
well as the conditions under which NAT can form, but 
from a thermodynamic viewpoint, NAT may form near 
20 km when temperatures drop below ---195 K, thus 
allowing reaction on a solid surface at temperatures 
above the frost point. In the case of liquid solutions, the 
efficiency of reaction depends strongly on the fraction of 
water in the particle [e.g., Tolbert et al., 1988; Hanson et 
al., 1994]. The HC1 + C1ONO2 reaction becomes more 
efficient for lower percentages of sulfuric acid (and 
higher water in the liquid particles, which greatly in- 
creases the solubility of HC1; see Robinson et al. [1998] 
for a detailed recent analysis). This reaction takes place 
in liquid solutions with an efficiency greater than 1 in 100 
(0.01 as shown in Figure 9) for temperatures colder than 
---197 K at 20 km, and an efficiency of 1 in 10 for 
temperatures below ---195 K. Ravishankara and Hanson 
[1996] have emphasized that liquid PSCs can be compa- 
rable to or more effective than solid PSCs for many 
surface reactions at temperatures below ---195 K at 20 
km, a point also illustrated by Cox et al. [1994], Borr- 
mann et al. [1997a] and Del Negro et al. [1997]. 

Because liquid aerosols are present throughout the 
global stratosphere and because the water vapor pres- 
sures available to condense into them increases with 

increasing total pressure, the temperatures at which 
effective reactions may occur in liquid particles are 
higher for lower altitudes [Hofmann and Oltman, 1992], 
as is also shown in Figure 9. This is a critical issue for 
both the polar and midlatitude lower stratospheres. Fig- 
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ure 9 suggests that both liquid and solid surfaces can 
activate chlorine efficiently near the tropopause [Bor- 
rmann et al., 1996, 1997b; Bregman et al., 1997; Solomon 
et al., 1997]. Observations of enhanced C10 and reduced 
NO close to the tropopause for relatively wet (15 ppmv 
of H20 ) conditions provide evidence for such liquid 
surface chemistry [Keim et al., 1996]. Note that Figure 9 
is based upon the thermodynamic model of Carslaw et al. 
[1997a]; its extrapolation to very high water vapor pres- 
sures (e.g., >5 ppmv at 200 mbar) is uncertain at present 
and requires laboratory studies for those conditions [see 
Robinson et al., 1998]. 

It is useful to note that the HC1 + C1ONO2 reaction 
competes with H20 + C1ONO 2 for the available 
C1ONO2 on liquid aerosol surfaces. Thus if HC1 has 
been depleted, the rate of the latter reaction increases, 
so that effective heterogeneous activation of chlorine is 
not dependent upon both HC1 and C1ONO 2 being 
present. Further, the reactions of HC1 with HOC1 and 
HOBr are also quite efficient on liquid aerosol under 
moderately cold and/or wet conditions [Ravishankara 
and Hanson, 1996; JPL, 1997], providing additional path- 
ways for chlorine activation. 

A key conclusion of Figure 9 is that while there are 
differences and uncertainties in the reactivity of various 
surfaces, rather effective chlorine activating reactions 
can occur irrespective of particle phase below ---198 K at 
20 km and below 200-210 K near 12-14 km. As an air 

parcel cools and particle reactivities increase, liquid 
chemistry will occur first. This may be followed by reac- 
tions on NAT and ice, depending on factors including 
microphysics, the minimum temperature reached, and 
whether or not all of the chlorine activation has already 
occurred [Turco and Hamill, 1992]. This latter point is 
critical. For example, if effective chemical processing on 
liquid surfaces has depleted all of the available HC1 
and/or C1ONO2 within an air parcel, then further low- 
ering of temperature and formation of, for example 
NAT, may have a limited effect on ozone depletion. 
Moreover, an increased rate of reaction and/or an in- 
creased surface area (through, for example, formation of 
NAT type 1 PSCs or type 2 PSCs) may not enhance 
ozone depletion in a time averaged sense. If, for exam- 
ple, reactions on sulfate aerosols are sufficient to acti- 
vate all of the available chlorine within a day, ozone 
depletion will not be increased if instead reactions on ice 
activate all of the chlorine in an hour, since the ozone 
depletion is a process that occurs over a much longer 
period (weeks) following the activation. Hence the de- 
tails of the reactivities and the microphysics that control 
particle surface areas, while playing a role to some 
degree, are not critical to formation of the ozone hole 
[e.g., Portmann et al., 1996; Carslaw et al., 1997b]. They 
are likely to be more important at the margins, particu- 
larly regions where temperatures are cold but not ex- 
tremely cold. 

Primary sources of sulfur to the stratosphere are 
carbonyl sulfide [Crutzen, 1976; Chin and Davis, 1995] 

and explosive volcanic eruptions that inject SO2 gas 
directly into the stratosphere [e.g., McCormick et al., 
1995] which subsequently forms liquid sulfate aerosols. 
Observations of PSC extinction show that the major 
eruptions of E1 Chich6n in 1981 and Mount Pinatubo in 
1991 led to large increases in particle surface areas in 
polar regions [e.g., McCormick et al., 1995; Deshler et al., 
1992; Thomason et al., 1997]. Hofmann et al. [1992, 1997] 
and Hofmann and Oltmans [1993] showed that enhanced 
aerosol surface areas due to Pinatubo expanded the 
altitude range of significant Antarctic ozone depletion 
into one of its margins, down to lower, warmer altitudes 
(i.e., 10-14 km) where solid PSCs do not form. Obser- 
vations of OC10 in the Antarctic fall season (March- 
April) at temperatures above 200 K in the year imme- 
diately following Pinatubo also suggest significant 
activation of chlorine through sulfate aerosol processing 
[Solomon et al., 1993]. Hence both ozone and trace gas 
observations from the Antarctic provide support for the 
role of temperature-dependent heterogeneous chemis- 
try on liquid aerosols. Portmann et al. [1996] showed that 
volcanically enhanced PSC surface areas were likely 
responsible for the sharp onset of the ozone hole in the 
early 1980s following the E1 Chich6n eruption, and for 
the very deep ozone holes observed in the early 1990s 
following the Pinatubo eruption. 

It may be useful to pause for a brief summary of the 
conceptual picture for Antarctic ozone depletion that 
emerged in the late 1980s and describe how it has 
changed. Initial observations of Antarctic chemistry as 
discussed above showed evidence both for heteroge- 
neous chlorine activation on PSCs and for denitrifica- 

tion. An understanding emerged that chlorine-activating 
reactions took place on solid PSCs in Antarctic winter, 
accompanied by denitrification that allowed the deple- 
tion to persist in spring, even in the absence of further 
PSC formation. This picture was simple and easy to 
explain in chemical terms. However, the current under- 
standing suggests that denitrification can increase ozone 
destruction somewhat but is not required for polar 
ozone losses. This is because chlorine activation can 

continue to occur on liquid aerosols in spring, keeping 
the chlorine active in sunlit air whether denitrified or not 

[Portmann et al., 1996; ChipperfieM and Pyle, 1998]. Ob- 
servations following the eruption of Mount Pinatubo 
support the view that liquid aerosol chemistry has been 
a key factor in determining the depth of the ozone hole 
after major eruptions. More generally, the expansion of 
heterogeneous chemistry from ice, to NAT, to liquid 
sulfate aerosols has lessened the expected dependence 
of the ozone loss on extreme cold to one of relative cold, 
thereby expanding the height, time, and latitude ranges 
where ozone depletion may be expected to be enhanced 
by heterogeneous processes that affect chlorine parti- 
tioning. The next two sections explore these issues by 
illustrating the important role of heterogeneous pro- 
cesses for both mid-latitude and Arctic ozone depletion. 
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5. MIDLATITUDE OZONE DEPLETION 

The discovery of the Antarctic ozone hole naturally 
raised the question of whether other latitudes might also 
display greater ozone depletion than expected. Within a 
few years after the ozone hole was discovered, statisti- 
cally significant trends in ozone were found at northern 
midlatitudes as well [Ozone Trends Panel, 1988, and 
references therein]. By the 1990s, significant trends had 
been established for both northern and southern mid- 

latitudes, not only in winter and spring but also in 
summer [WMO/UNEP, 1991, 1994; Stolarski et al., 1991; 
McPeters et al., 1996a, b; Harris et al., 1997; Staehelin et 
al., submitted manuscript, 1998]. Midlatitude ozone col- 
umn trends as of the 1990s are of the order of 5-10%, 
much smaller than those of the Antarctic (Figure 1) but 
far greater than gas phase model predictions. As in 
Antarctica, recent analyses have shown that the bulk of 
the northern midlatitude ozone decline is occurring in 
the lower stratosphere (near 12-20 km [see McCormick 
et al., 1992; Miller et al., 1995; WMO/UNEP, 1994; Bojkov 
and Fioletov, 1997; Harris et al., 1998]). 

5.1. Heterogeneous Chemistry and Midlatitude 
Ozone Depletion 

One mechanism that could affect midlatitude ozone 

depletion is heterogeneous chemistry. It had long been 
suspected that some heterogeneous process involving 
N20 5 might be responsible for the Noxon 'cliff' and for 
anomalously high HNO 3 abundances in middle to high 
latitudes of the Northern Hemisphere [e.g., Wofsy, 1978; 
Noxon, 1979; Austin et al., 1986] but it was not until the 
late 1980s that laboratory studies showed that N20 5 can 
hydrolyze rapidly (reaction efficiency of about 0.1) on 
sulfuric acid-water films [Tolbert et al., 1988] and parti- 
cles [Mozurkiewicz and Calvert, 1988]. Hence the possi- 
bility of heterogeneous chemistry on the liquid sulfate 
layer that is pervasive throughout the stratosphere began 
to be considered in earnest (but see also Cadle et al. 
[1975] for an early and interesting exploratory paper). 

The hydrolysis of N20 5 reduces NOx and its impact 
on ozone in the lower stratosphere, and indirectly en- 
hances the effect of C10 through its control of the 
C1ONO2/C10 ratio, as was discussed earlier. Recent 
studies have examined the dependence of the N20 5 
hydrolysis reaction on temperature and pressure [Rob- 
inson et al., 1997] and have probed reaction conditions in 
extensive detail [JPL, 1997]. This key reaction and the 
related hydrolysis of bromine nitrate [Hanson et al., 
1996] both take place rather rapidly at virtually all 
stratospheric conditions, making their influence ex- 
tremely widespread (and, as is shown below, extremely 
important). In addition to these indirect effects, how- 
ever, there is evidence for direct activation of chlorine 
on liquid sulfate aerosols as well.. As noted above in 
connection with polar chemistry, Tolbert et al. [1988] 
suggested that C1ONO2 could react with water and with 
HC1 on sulfuric acid-water surfaces, but with a strong 

dependence on the particle composition, specifically, the 
water content of the particle (hence on the temperature 
and water vapor pressure). 

The laboratory investigations of Tolbert et al. [1988] 
and Mozurkiewicz and Calvert [1988] prompted Hofmann 
and Solomon [1989] to study the role of N20 5 hydrolysis 
and chlorine activation on sulfuric acid aerosols at mid- 

latitudes, particularly under volcanic conditions when 
such processes would be enhanced. They suggested that 
this chemistry could be significant for both background 
and volcanically perturbed conditions, and that the 
ozone reductions noted by several authors [e.g., ,4driani 
et al., 1987] following the eruption of E1 Chich6n in 1981 
might be linked to heterogeneous reactions similar to 
those occurring in Antarctica, albeit with reduced rates. 
Observations of marked reductions in NO 2 over New 
Zealand after the E1 Chich6n eruption [Johnston and 
McKenzie, 1989] provided some of the first chemical 
evidence that such processes could be important at mid- 
latitudes. Several modeling studies [e.g., Rodriguez et al., 
1991, 1994; Brasseur and Granier, 1992; Prather, 1992b; 
McElroy et al., 1992; Pitari and Rizi, 1993; Toumi et al., 
1993] further probed the role of this chemistry in deter- 
mining global ozone trends and related questions of 
chemical partitioning and odd oxygen destruction cycles. 
Prather [1992b] pointed out that the hydrolysis of N20 s 
saturates beyond a certain aerosol load at which N20 5 is 
converted to HNO 3 as fast as it can be formed, so that 
further increases in aerosol do not affect NOx abun- 
dances through this process. 

Rodriguez et al. [1991] and McElroy et al. [1992] 
pointed out that hydrolysis of N20 5 would have the 
effect of dramatically altering the competition between 
the various catalytic cycles in the lower stratosphere, 
enhancing the roles of the odd hydrogen and odd chlo- 
rine/bromine destruction mechanisms, even for back- 
ground aerosol conditions. Direct observations by Wenn- 
berg et al. [1994] later confirmed this view by providing 
simultaneous measurements of a suite of key radicals 
including OH, HO2, NO, and C10 near 20 km; these 
data can be related in hindsight to the anomalously low 
NO mixing ratios reported in the midlatitude lowermost 
stratosphere by Ridley et al. [1987]. Cohen et al. [1994] 
present a detailed chemical argument demonstrating the 
dominance of HOx chemistry in the natural lower strato- 
spheric ozone balance based on observations. Taken 
together, this improved understanding of the balance of 
terms among chemical cycles of ozone destruction is a 
key building block for attempts to evaluate ozone loss, 
which is tied to the competition of chlorine- and bro- 
mine-catalyzed destruction compared with other chem- 
ical processes and to transport. In short, slower rates of 
ozone loss through other processes (especially NO x 
chemistry) result in a larger relative role for human- 
induced perturbations at midlatitude due to chlorine 
and/or bromine increases. 

From about 1988 to the early 1990s the scientific 
understanding of midlatitude ozone depletion evolved 
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Observed Changes in Chemical Partitioning Due To the Eruption of Mt. Pinatubo 
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Figure 10. Observations of the changes in chemical partitioning as a function of aerosol load after the 
eruption of Mount Pinatubo at 20 km at midlatitudes [Fahey et al., 1993]. The primary chemistry responsible 
for the observed behavior is depicted by the schematic diagram. 

from a gas phase picture into the expectation of en- 
hanced ozone depletion at least via the N20 5 hydrolysis 
process, not only for volcanically perturbed conditions 
but also for background aerosol loading. The eruption of 
Mount Pinatubo in June 1991 was the largest thus far in 
the twentieth century and occurred near the peak load- 
ing of atmospheric chlorine (see section 7). This geo- 
physical event provided numerous lines of evidence sug- 
gesting that heterogeneous chemical reactions on sulfate 
aerosols play a key role in ozone chemistry and its 
depletion. Gleason et al. [1993] were the first to report 
record low northern midlatitude ozone abundances in 

the following year. Hofmann et al. [1994] and McGee et 
al. [1994] demonstrated that substantial ozone losses 
occurred in the lower stratosphere following the Pina- 
tubo eruption, particularly in winter and spring, with 
peak local depletions near 20 km at 40ø-50øN as large as 
about 25%. Randel and Cobb [1994] showed that 
changes in temperatures relating to aerosol heating can 
provide an important means of distinguishing ozone 
losses due to volcanic eruptions from those relating to 
the quasi-biennial oscillation (QBO), E1 Nifio, or other 
perturbations in statistical analyses of ozone data (see 
also Jigger and Wege [1990], Bojkov et al. [1993] and 
Zerefos et al. [1994]). The high aerosol load present just 
after the eruption in mid-1991 changed stratospheric 
heating and hence reduced tropical ozone through dy- 
namical effects [Brasseur and Granier, 1992], but this 
lasted only a few months and was largely confined to the 
tropics [see Schoeberl et al., 1992b; Tie et al., 1994]. For 
reviews of the many studies establishing the large and 
persistent midlatitude ozone changes after Pinatubo, see 

Toohey [1995] and WMO/UNEP [1994, 1998]. Because 
the stratospheric Brewer-Dobson circulation (as de- 
picted in Figure 2) transports material upward and pole- 
ward, major volcanic eruptions that inject material into 
the tropical stratosphere can have the greatest and long- 
est impacts on global ozone, while volcanic injections at 
higher latitudes are removed by downward motion. Both 
E1 Chich6n and Pinatubo are tropical volcanoes. 

Chemical measurements after Pinatubo have identi- 

fied many signatures of heterogeneous reactions on sul- 
fate aerosols at midlatitudes that are akin to those oc- 

curring in the ozone hole region. Observations from 
New Zealand showed both reduced NO 2 and enhanced 
HNO 3 column abundances [Johnston et al., 1992; Koike 
et al., 1994]. Aircraft, ground-based, and balloon- and 
shuttle-borne experiments revealed similar large 
changes in NOx/NOy partitioning associated with the 
roughly thirty-fold increases in aerosol surface observed 
[e.g., Rinsland et al., 1994; Webster et al., 1994; Fahey et 
al., 1993; Mills et al., 1993; Coffey and Mankin, 1993; Sen 
et al., 1998]. Figure 10 shows direct observations of 
perturbations in NOx/NOy and C10/Cly at 20 km from 
Fahey et al. [1993], associated with the buildup of Pina- 
tubo aerosols at midlatitudes. NOx/NOy decreases follow 
the behavior broadly predicted by Prather [1992b] and 
expected from the dominance of N20 5 hydrolysis. Ran- 
deniya et al. [1997] and Slusser et al. [1997] used summer 
polar observations of NO 2 to show evidence for 
BrONO2 hydrolysis on sulfate aerosols as well. Obser- 
vations of enhanced OH at sunrise further suggest that 
the latter process is significant not only in reducing NOx 
via heterogeneous chemistry but also as a source of OH 
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[Hanson and Ravishankara, 1995; Hanson et al., 1996; 
Salawitch e! al., 1994; Lary e! al., 1996]. 

Turning to the key chlorine-related species, Avallone 
et al. [1993a, b] and Wilson et al. [1993] showed post- 
Pinatubo C10 observations suggesting heterogeneous 
perturbations in midlatitude air. HC1 observations by 
Webster et al. [1998] provide evidence that C10 not only 
is enhanced by high volcanic loading at midlatitudes as 
an indirect effect through shifts in NO2, but also is 
directly affected by chlorine activation (as reflected in 
reduced HC1). Debate on the magnitude of the latter 
effect in some regions has focused both on the rates of 
chlorine activation in liquid aerosols for midlatitude 
conditions and on mass balance among Cly species [see 
Dessler et al., 1996, 1997, 1998; Stimpfie et al., 1994]. 
While chlorine-activating reactions on liquid sulfate 
aerosols are thought to be relatively slow at 20 km for 
the average temperatures that prevail at midlatitudes, 
the strongly nonlinear dependence of these reactions on 
temperatures implies that the reaction rate averaged 
over the actual temperatures including cold fluctuations 
associated with wave motions will substantially exceed 
the rate computed for the average temperature [Murphy 
and Ravishhnkara, 1994]. In other words, brief exposure 
to cold temperatures may alter C10/Cly partitioning and 
hence enhance ozone depletion at midlatitudes, espe- 
cially under high aerosol loads [Webster et al., 1998; 
Solomon et al., 1998]. 

Figure 10 shows that even rather modest changes in 
aerosol abundances can substantially affect the C10/Cly 
partitioning near 20 km. Indeed, Figure 10 suggests that 
aerosol surface area increases of a factor of only about 5 
(as observed, for example, in some locations following 
the relatively minor Mount St. Helens eruption [see 
Thomason et al., 1997] could increase C10/Cly by 50%, 
thus greatly enhancing the chlorine-driven local ozone 
destruction reactions. 

As has been emphasized throughout this paper, pro- 
cesses that enhance C10 relative to Cly are at the heart 
of ozone depletion. A point of useful comparison may be 
drawn by noting that if C10/Cly had been constant from 
1980 to 1990, then C10 would have been expected to 
increase by about 50% over this decade (owing to the 
roughly 50% increase in Cly from the gradual increase in 
chlorofluorocarbons during that period). However, Fig- 
ure 10 demonstrates that much larger changes in C10 
can be rapidly induced by volcanic aerosol increases 
through their effects on chemical partitioning. Solomon 
et al. [1996, 1998] showed that both the long-term ozone 
trend at northern midlatitudes and its year-to-year vari- 
ations over the past 20 years are highly likely to be 
closely tied to volcanic-aerosol-driven changes in C10/ 
Cly partitioning (see Plate 6 below). Jackman et al. [1996] 
and Zerefos et al. [1997] reached similar conclusions with 
their models, and showed that solar cycle contributions 
to interannual ozone depletion are much smaller. Sev- 
eral authors have shown that the ozone response to 
volcanic aerosols before humans perturbed stratospheric 

chlorine (e.g., in the nineteenth century after the erup- 
tion of Krakatoa) would likely be a slight column in- 
crease as a result of suppression of NOx-catalyzed de- 
struction as depicted in Figure 10 rather than the 
observed decreases obtained for current chlorine loads 

[Solomon et al., 1996; Tie and Brasseur, 1995]. It is also 
useful to note that observations such as those at Arosa in 

Figure 1 show no noticeable depletion after a series of 
large eruptions in the 1960s, most notably the major 
tropical eruption of Agung in 1963. Observations from 
many other ground-based sites confirm that the en- 
hancements in aerosol of the 1960s had little effect on 

ozone [e.g., Bojkov et al., 1995]. Only since about 1980 
have chlorine levels become sufficiently elevated that 
volcanic perturbations to C10/C• such as those shown in 
Figure 10 result in significant ozone loss. Hence the 
evidence suggests that volcanic particles at midlatitudes 
exacerbate halogen-induced ozone depletion in the con- 
temporary stratosphere (much as PSCs do for polar 
regions, and with some similar chemistry) but cannot on 
their own significantly destroy stratospheric ozone. 

Lary et al. [1997] were the first to suggest that soot 
may also affect Northern Hemisphere midlatitude 
ozone, mainly through possible reactions involving reac- 
tive nitrogen species [see Rogaski et al., 1997]. A study by 
Bekki [1997] further probed this chemistry in some detail 
and argued for significant impacts on ozone trends in the 
vicinity of the tropopause. There is currently debate 
about the surface area of soot available at stratospheric 
altitudes, the extent to which it can remain active for 
chemistry or be quickly "poisoned," and whether or not 
chemical data support such perturbations [Gao et al., 
1998]. 

The observation of large midlatitude ozone depletion 
following Pinatubo and E1 Chich6n, substantial related 
changes in chemical species, and a wide range of mod- 
eling studies [e.g., Hofmann and Solomon, 1989; Brasseur 
and Granier, 1992; Michelangeli et al., 1989; Pitari and 
Rizi, 1993; Bekki and Pyle, 1994; Tie et al., 1997; Solomon 
et al., 1996; Jackman et al., 1996] provide strong evidence 
that heterogeneous sulfate aerosol chemistry plays a 
major role together with man-made chlorine in the pro- 
cesses controlling midlatitude ozone trends. The ob- 
served C10/Cly and NOx/NOy dependencies upon volca- 
nic aerosol amouffts as shown, for example, in Figure 10 
may be considered a chemical fingerprint underlying 
these effects, like the observations of greatly enhanced 
C10 in the ozone hole region. Another parallel with 
Antarctic ozone depletion is the observation of a close 
correspondence in altitude between the region of en- 
hanced Pinatubo aerosol abundances and ozone deple- 
tion [e.g., McGee et al., 1994; Hofmann et al., 1994]. A 
third fingerprint is the onset and slow relaxation of the 
ozone depletion after Pinatubo observed at midlatitudes 
[see, e.g., Solomon et al., 1996, 1998; Jackman et al., 
1996] over a period of a few years, mirroring in a slower 
manner the seasonal depletion of the ozone hole. 
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5.2. Dynamical Processes and Midlatitude Ozone 
Trends 

Although the focus of this review is on ozone chem- 
istry, other mechanisms that could contribute to midlati- 
tude ozone depletion will be briefly summarized here. 
Several studies examined the extent to which dynamical 
processes might spread the influence of the ozone hole, 
either through a one-time "dilution" at the end of the 
winter when stratospheric warmings break up the polar 
vortex or through vortex "processing" whereby flow of 
air through the vortex (and hence chemical activation of 
chlorine) might be transported to lower latitudes [e.g., 
Tuck, 1989; Tuck et al., 1992; Waugh et al., 1994, 1997; 
Wauben et al., 1997; Tuck and Proffitt, 1997]. 

The amount of ozone depletion observed at both 
northern and southern midlatitudes is considerably 
greater than that implied by a one-time end-of-winter 
dilution process [see, e.g., Sze et al., 1989; Prather et al., 
1990; Pitari et al., 1992]. For the Southern Hemisphere, 
such one-time dilution likely provides an average mid- 
latitude column ozone depletion of--•1-2%. Locally 
larger but transient dilution effects following the 
breakup of the Antarctic ozone hole in late spring have 
been documented in observations over New Zealand, 
Australia, Brazil, and Chile [Atkinson et al., 1989; Leh- 
mann et al., 1992; Kirchhoff et al., 1996, 1997a]. The city 
of Punta Arenas, Chile, at 53øS occasionally lies just 
beneath the tip of the Antarctic ozone hole itself for 
brief periods in October when wave disturbances push 
the vortex overhead [Kirchhoff et al., 1997a, b]. Because 
of greater dynamical activity, the northern vortex is 
likely to be subject to a greater degree of processing, and 
many studies conclude that there is ample evidence for 
the spread of polar "filaments" to midlatitudes at times 
[Tuck et al., 1992; Gerber and Kampfer, 1994; Pyle et al., 
1995; Lutman et al., 1997]. However, dynamical analyses 
and tracer studies suggest that the transport from polar 
regions alone cannot account for the observed ozone 
losses in midlatitudes [e.g., Schoeberl et al., 1992b; 
Waugh et al., 1994; Manney et al., 1994b; Jones and 
MacKenzie, 1995; ChipperfieM et al., 1996; Wauben et al., 
1997; Grewe et al., 1998]. This subject will be discussed 
further below in the section relating to Arctic ozone 
depletion. 

In addition to vortex processing as described above, 
the notion of PSC processing has also been suggested 
(wherein PSCs forming outside the vortex provide the 
sites for heterogeneous reactions), particularly in asso- 
ciation with locally cold temperatures that may be re- 
lated to mountain lee waves and hence of quite small 
spatial and temporal scale [e.g., Godin et al., 1994; 
Carslaw et al., 1998]. All of these processing mechanisms 
depend upon heterogeneous chlorine-related chemistry 
in some fashion and hence connect midlatitude ozone 

depletion to chlorine trends, but with important differ- 
ences in the degree of nonlocal (i.e., transport-related) 
linkages. 

A few authors have argued that changes in strato- 

spheric dynamics themselves could have contributed to 
the observed midlatitude ozone trends. A recent review 

is provided by Ravishankara et al. [1999] (see references 
therein). In brief, some studies [e.g., Hood and Zaff, 
1995; McCormack and Hood, 1997; Hood et al., 1997; 
Fusco and Salby, 1999] have argued for a component of 
purely dynamical change in midlatitude ozone relating, 
for example, to changes in the transport of ozone. It is 
well known that dynamical processes strongly influence 
ozone from year to year, particularly in January in the 
Northern Hemisphere [Fusco and Salby, 1999]. How- 
ever, evaluation of trends requires long records and 
analysis of low-frequency trends (i.e., timescales of the 
order of a decade) rather than higher-frequency varia- 
tions. While some contribution to the observed trends 

from dynamical processes that could change over long 
time intervals (decadal) cannot be ruled out, the evi- 
dence cited above and in Plate 6 below demonstrates 

that chlorine chemistry has played an important and very 
likely dominant role in the observed trends in midlati- 
tude ozone over the past 2 decades. 

6. CHEMICAL/DYNAMICAL COUPLING: 

ARCTIC OZONE DEPLETION 

Perhaps ironically in view of the extremely remote 
nature of the Antarctic, ozone depletion was more 
readily observed there than in the Arctic. This was due in 
part to the fact that no corresponding "hole" developed 
in the Arctic stratosphere in the early 1980s, but also to 
the paucity of ground-based long-term measurements in 
the high Arctic and to the greater local variability of 
Arctic ozone associated with atmospheric waves, as dis- 
cussed above [see Reed, 1950]. As the mechanism for 
Antarctic ozone depletion began to be elucidated in the 
latter half of the 1980s, it was understood in general 
terms that Arctic ozone depletion would likely be 
smaller on account of warmer temperatures (hence 
fewer PSCs as documented by McCormick et al. [1982]) 
and the associated dynamical differences (i.e., a less 
isolated vortex). The top panel of Figure 11 illustrates 
the climatological differences in the seasonal cycles of 
temperature for 65øN and 65øS, the edge regions of the 
Arctic and Antarctic. Colder temperatures are typically 
found at higher latitudes, but this region is shown in 
order to illustrate accompanying satellite total ozone 
data (which are available only in the sunlit atmosphere). 
Perhaps most importantly, the typical springtime in- 
crease in stratospheric temperatures occurs in associa- 
tion with much earlier stratospheric warmings in the 
north than in the south [e.g., Andrews et al., 1987], 
suggesting that the overlap between cold temperatures 
and sunlight would be limited and the Arctic ozone 
depletion hence less severe (see, e.g., the review by Pyle 
et al. [1992]). However, not all years are typical (a point 
discussed below). 
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Figure 11. (top) Observations of the average temperatures 
at 65øS and 65øN from the Fleming et al. [1990] Cospar Inter- 
national Reference Atmosphere (CIRA) climatology, with sat- 
ellite measurements of the annual cycles of total ozone at 
(middle) 65øN and (bottom) 65øS in the late 1970s and in 1996 
and 1997 (from SBUV/SBUV2, courtesy of R. Nagatani). 

6.1. Chemical Processes in the Arctic 

As in the Antarctic, direct observations of a broad 
range of chemical species have shown that heteroge- 
neous chemistry greatly perturbs the composition of the 
Arctic vortex. Evidence for effective winter activation of 

chlorine was provided by measurements of enhanced 
OC10 [Solomon et al., 1988; Schiller et al., 1990; Pom- 
mereau and Piquard, 1994a; Pernet et al., 1994; Pfeilstic- 
ker and Platt, 1994] and C10 [Brune et al., 1990, 1991; 
Toohey et al., 1993; Waters et al., 1993; Crewell et al., 
1994; Bell et al., 1994; de Zafra et al., 1994; Shindell et al., 
1994; Donovan et al., 1997]. Decreased NO and NO 2 
were also observed with several independent methods 
[Fahey et al., 1990a; Noxon, 1978; Toon et al., 1994; 
Mankin et al., 1990; Wahner et al., 1990; Pommereau and 
Piquard, 1994b; Goutail et al., 1994; Pfeilsticker and Platt, 

ß 

1994; Van Roozendael et al., 1994]. The column abun- 
dances of HC1 and HF supported the view that chlorine 
activation on PSCs must be effective in the Arctic [Toon 
et al., 1994; Mankin et al., 1990; Traub et al., 1994]. In situ 
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Figure 12. Observations of the chemical composition of the 
Arctic stratosphere from the ER-2 aircraft in February 1992. 
The data show high C10 abundances associated with reduced 
HC1 abundances as would be expected from heterogeneous 
conversion. H20 does not display evidence for dehydration on 
this Arctic transect. 

measurements of HC1 were particularly important in 
sharpening the link between enhanced CiO and conver- 
sion from HC1 [Webster et al., 1993; Michelsen et al., 
1999], as shown for example in Figure 12. Measurements 
of C1ONO2 also displayed evidence for heterogeneous 
processing on PSCs [e.g., yon Clarmann et al., 1993; 
Roche et al., 1994; Oelhaf et al., 1994; Adrian et al., 1994; 
Geller et al., 1995; Yudin et al., 1997]. Concurrent in situ 
and space-based observations of C10 and PSCs together 
with trajectory studies further linked the activated chlo- 
rine to heterogeneous chemistry [Jones et al., 1990b; 
Yudin et al., 1997; Dessler et al., 1998, and references 
therein]. Thus the same general fingerprints of hetero- 
geneous chemistry that were first observed in the Ant- 
arctic were not only apparent in, but also further 
strengthened by Arctic data. 

Observations of NOy and water vapor displayed signs 
of sporadic and limited denitrification and dehydration 
(compare Figures 12 and 7), in marked contrast with the 
pervasive characteristics of these chemical conditions in 
the Antarctic [Kawa et al., 1990; Fahey et al., 1990b] (see 
later work by Kondo et al., 1994; Oelhaf et al., 1994; 
Khattatov et al., 1994; Rinsland et al., 1996; Santee et al., 
1998, 1999]. In some cases, denitrification was observed 
without accompanying dehydration, raising new chal- 
lenges regarding the mechanism underlying the micro- 
physics of the denitrification process that still are not 
completely resolved [see, e.g., Toon et al., 1990; Gandrud 
et al., 1990; Salawitch et al., 1989; Koop et al., 1995]. 

On the basis of C10 observations [Brune et al., 1990] 
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and related model calculations, observed and calculated 
rates of ozone loss in February 1989 were shown to be of 
the order of 20 ppbv day -• near 20 km [Schoeberl et al., 
1990; Salawitch et al., 1990; McKenna et al., 1990]. Fur- 
ther, the BrO observations of Toohey et al. [1990] re- 
vealed that the C10-BrO catalytic cycle was probably of 
particular importance for the Arctic, since C10 enhance- 
ments were smaller there than in the Antarctic and 

hence the efficiency of the C10 dimer cycle was reduced 
(note that the rate of the latter depends on the square of 
C10 density [e.g., Salawitch et al., 1990, 1993]). However, 
the early warming observed in February 1989 as illus- 
trated in Plate 3 prevented extensive total ozone loss in 
that year. Several studies suggested that the less exten- 
sive denitrification of the Arctic would limit ozone losses 

there [Brune et al., 1991; Salawitch et al., 1993] through 
less effective NOx reduction in sunlit air and hence an 
early cutoff of the depletion process in spring; the pre- 
ceding section illustrates that new understanding of liq- 
uid aerosol chemistry has affected this picture. Thermal 
decomposition of the C1202 dimer (which cuts off the 
C10 dimer ozone loss cycle) also affects the degree of 
ozone loss as air warms in spring even if denitrified 
[McKenna et al., 1990; MacKenzie et al., 1996]. As will be 
discussed further below, recent observations of large 
Arctic ozone depletions (see Figure 1) have not been 
associated with extensive denitrification. 

6.2. Quantifying Arctic Ozone Depletion 
The more complex dynamics of the Arctic vortex as 

compared with the Antarctic demands the application of 
sophisticated tools for analysis of ozone destruction. The 
greater wave activity of the Northern Hemisphere can 
enhance ozone losses even in winter by increasing the 
exposure of polar air to sunlight in the distortions caused 
by atmospheric waves, as compared with the Southern 
Hemisphere [see, e.g., Jones et al., 1990a]. However, the 
same wave activity can warm the air and perhaps even 
distort it sufficiently to mix with its surroundings, thus 
reducing ozone depletion. Detailed methods have been 
developed [Schoeberl et al., 1990; Manney et al., 1994b, 
1995a, b, 1996] to evaluate the air parcel trajectories 
along which ozone and other trace gases are trans- 
ported. These help to quantify the amount of ozone 
chemically destroyed by revealing that while the time 
evolution of inert tracers such as N20 can be well 
simulated in the Arctic using such approaches, the evo- 
lution of ozone shows large departures from conserva- 
tion that likely reflect chemical loss [Manney et al., 
1994a, 1995a, b, c, 1996, 1997]. Further, the regions of 
apparent ozone depletion identified in this manner oc- 
cur in regions of enhanced C10 revealed by concurrent 
satellite observations [e.g., Waters et al., 1993; Manney et 
al., 1994a, 1995c; Lutman et al., 1994a, b; MacKenzie et 
al., 1996]. 

Tracer-ozone correlations are another method used 

to provide insights into polar ozone loss. Briefly, changes 

in the amount of ozone observed for a given amount of 
conserved tracer such as N20 or CH 4 [Proffitt et al., 
1993; Mtiller et al., 1996, 1997a, b] provide a useful 
(albeit imperfect) diagnostic for ozone loss based upon 
understanding of ozone-inert tracer relationships 
[Plumb and Ko, 1992] and their spatial distributions. 
Using satellite data for CH4, 03, and HC1, for example, 
Mtiller et al. [1996] suggest that 60 DU of total Arctic 
ozone was depleted on constant CH 4 surfaces in a man- 
ner inconsistent with transport from any other region of 
the stratosphere in the Arctic winter of 1991-1992. The 
reduced ozone was associated with pronounced HC1 
depletion observed in the same air, as was expected on 
the basis of heterogeneous chemistry on PSCs. 

Another method of quantifying ozone destruction 
involves the use of trajectory analyses of airflow together 
with multiple ozonesondes to find "matches" wherein 
the air observed at one site is observed again some days 
later. Changes in the observed ozone then provide a 
measure of ozone loss [Von der Gaathen et al., 1995]. 
This approach has provided strong evidence for exten- 
sive Arctic ozone depletion that is closely tied to cold 
temperatures near 195 K [Rex et al., 1997, 1998]. Under- 
standing can be further tested by comparing the ob- 
served depletion derived from such "matches" with 
chemistry calculations along the same trajectories. These 
studies have shown good agreement in February and 
March, but some evidence for midwinter ozone loss that 
exceeds photochemical theory has recently been sug- 
gested [Rex et al., 1998; Becker et al., 1998]. 

Fully three-dimensional models driven in some cases 
by the meteorological data for specific years have also 
been used to probe the Arctic ozone losses and test 
photochemical understanding. These models have suc- 
ceeded in explaining much of the observed ozone deple- 
tion, documenting its connections to chemical processes, 
and even reproducing much of the observed variability 
seen from one year to another as depicted, for example, 
in Figure 1 [see, e.g., ChipperfieM et al., 1994, 1996; 
Deniel et al., 1998; Douglass et al., 1995]. 

Taken together, these combined approaches to trans- 
port analyses using tracers, matches, chemical transport 
models, or Lagrangian calculations together with ozone 
and trace constituent observations provide strong evi- 
dence for a chemically driven Arctic ozone loss (order of 
60-120 DU) in several recent years. Each approach is 
subject to different sources of quantitative error and 
uncertainty, such as inaccuracies in temperature data 
used as input in observationally-based transport studies, 
incomplete understanding of the factors influencing 
tracer-tracer correlations, and small scale dynamical 
processes that are not well represented in modelling 
studies (e.g., mountain waves). In spite of these short- 
comings and in contrast with the Antarctic, there is 
substantial evidence for a dynamical contribution to 
recent trends as well. These are discussed in section 6.3. 
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6.3. Variability of Arctic Temperatures 
Since Antarctic ozone depletion occurs mainly in 

September under cold conditions, it is natural to con- 
sider whether comparable conditions are ever attained 
in the Arctic in the analogous month of March. Nagatani 
et al. [1990] pointed out that while such conditions 
appear to be quite rare based on the available record 
(which extends back to about the 1950s), they are not 
unknown. For example, during the Arctic winter of 
1975-1976, March temperatures were close to those 
typically seen in the Antarctic in September, but chlorine 
loading was small in 1975, and no discernible Antarctic 
ozone hole was observed at that point (see Figure 1). 
Nagatani et al. [1990] noted that extensive Arctic ozone 
loss might be expected if such meteorological conditions 
were to be realized in an atmosphere with current chlo- 
rine loadings. 

There have been several unusually cold Arctic winters 
since 1990, with correspondingly large Arctic ozone 
losses [see Newman et al., 1997; Coy et al., 1997] illus- 
trated in Figure 1. Not all the years since 1990 have been 
cold, as is reflected for example in the high spring ozone 
observed in 1998 for example. Enhanced volcanic aero- 
sol from the Mount Pinatubo eruption probably contrib- 
uted to the very low ozone observed in 1992 and 1993, 
but the continuing depletions in, for example, 1996 and 
1997 suggest a strong effect of temperature. Plate 3 
illustrates the full seasonal behavior of temperatures 
observed in some recent cold years, and contrasts their 
behavior with the Antarctic. As has already been em- 
phasized, the warmer temperatures generally observed 
in the winter Arctic stratosphere as compared with the 
Antarctic reflect adiabatic heating associated with faster 
downward motion, which also leads to a rapid winter- 
time increase in Arctic total ozone (from values of ---300 
DU in September to as much as 450 DU at the spring 
maximum in March in 1979 and 1980, for example, as 
shown in Figure 11). In the much colder Antarctic, 
pre-ozone hole total ozone did not show such a winter 
increase (remaining instead near 250-300 DU from 
March through September; see Plate 2 and Figure 11), 
suggestive of an isolated and less dynamic vortex. In 
today's Antarctic atmosphere, an abrupt drop in ozone 
occurs in September deep in the vortex as shown in Plate 
2 and even earlier on the edge of the vortex as shown in 
Figure 11, reflecting rapid chemical removal in sunlit air 
with limited dynamical resupply as discussed earlier. In 
the relatively stagnant Antarctic vortex the total ozone 
actually decreases in spring to form a "hole" compared 
with the surrounding midlatitude air. In the more dy- 
namic Arctic, transport replaces a substantial portion of 
the ozone lost, even in recent cold years [see, e.g., 
Manney et al., 1997]. Indeed, Figure 11 shows that even 
in the very cold years 1996 and 1997, Arctic ozone 
continued to increase at 65øN during spring; it simply did 
not do so as rapidly as it had in 1979 or 1980. Hence 
large chemical ozone losses of the order of 60-120 DU 
occurred, but no Arctic hole formed (see the detailed 

analyses by Manney et al. [1997] and M•iller et al. [1997a, 
b]). The formation of an Arctic ozone hole may require 
not only cold March temperatures but also cold temper- 
atures throughout the winter, both in order to cause 
activation of chlorine in sunlit air and to inhibit the 

buildup of ozone through downward transport. Such 
conditions were not satisfied even in the very cold Arctic 
winter/spring seasons of recent years [see Coy et al., 
1997; Zurek et al., 1996]. 

It is important to note that denitrification was ob- 
served but was rather limited in degree in the Arctic 
springs of 1993, 1996, and 1997 [Santee et al., 1995, 1996, 
1997, 1999], so that the observations of the order of 
60-120 DU of ozone depletion in each of these years are 
not associated with denitrification. Rather, as in the 
Antarctic and consistent with current understanding of 
liquid aerosol chemistry, the evidence suggests that het- 
erogeneous reactions in the sunlit atmosphere are 
mainly responsible for maintaining the high C10 [Santee 
et al., 1997] that depleted the Arctic ozone in those years 
[Manney et al., 1997]. 

Plate 4 shows observed changes in the vertical profile 
of Arctic ozone at Sodankyl•i, Finland (67øN), in 1996 
that illustrate this general picture. Plate 4 is intended for 
the purpose of illustration. A detailed analysis would be 
needed to quantify dynamical and chemical contribu- 
tions to ozone losses as in the studies of Rex et al. [1998] 
and Manney et al. [1997]; the points sketched here are 
consistent with those papers. The ozone observed in late 
March 1996 lies well below the climatology for this 
location, much as the South Pole ozone in September 
1986 lay below its climatology (Figure 5); other dates in 
March display similar behavior. The ozone at ---15-20 
km at South Pole was depleted in 1986, similar to the 
layer of reduced ozone observed over Finland at nearly 
the same altitudes in March 1996 (and at those altitudes 
where PSCs are frequently observed). However, at the 
South Pole, the historical and current ozone profiles 
display nearly the same values above the depleted re- 
gion, showing little evidence for large changes in the 
amount of ozone brought down from above. The data 
from Finland present an interesting contrast, with re- 
duced ozone above 20 km not only in March but also in 
February, likely reflecting reduced dynamical transport 
from above. This is not surprising, since the cold tem- 
peratures observed in that year must reflect reduced 
downward motion. Hence particularly cold Arctic win- 
ters must be associated with less downward motion and 

a component of dynamic impact on total ozone. The 
shape of the profile is suggestive of chemical removal in 
the broad layer near 15-20 km. 

In summary, there is abundant evidence for some 
chemical perturbations and ozone destruction in the 
Arctic even in relatively warm years, but the degree of 
ozone depletion depends upon cold temperatures in 
sunlit conditions, just as in the Antarctic. An unprece- 
dented number of cold years have occurred in the Arctic 
since 1990. Each of these is reflected in low ozone in the 
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Plate 4. Arctic ozonesonde data from Sodankyl•i, Finland. The climatologies for February and March 
represent the averages of all data for 1988-1997. Sample profiles observed in February and March 1996 are 
shown for comparison. 

Arctic record as shown in Figure 1. Five of the years 
from 1991 to 1998 have been significantly colder than 
average [Coy et al., 1998; Zurek et al., 1996]. This series 
of unusually cold years raises the key question of cause. 
Randel and Wu [1999] argue that the cooling observed in 
both the Arctic and the Antarctic is due to the ozone 

depletion itself; hence they propose a feedback mecha- 
nism, following Shine [1986], wherein ozone losses lead 
to colder temperatures and hence even greater deple- 
tion. The study by Thompson and Wallace [1998] sug- 
gests that changes in the dynamics of the north polar 
vortex are linked to the underlying tropospheric wave 
field, particularly the North Atlantic Oscillation (NAO). 
These authors thus suggest a wave-driven systematic 
linkage between tropospheric waves and stratospheric tem- 
perature, which could reflect ozone changes. Hartley et al. 
[1998] argue for a similar linkage involving the modifica- 
tion of stratospheric dynamics due to the ozone changes, 
with tropospheric propagation as a key element. 

It has long been known that the "greenhouse effect" 
due to increases in CO2 and other gases warm the planet 
surface but cool the stratosphere [e.g., Fels et al., 1980], 
with attendant effects on temperature-dependent ozone 
chemistry [Haigh and Pyle, 1979]. While this effect is 
predicted to be small (only a few tenths of a degree in 
today's atmosphere, far less than the recent coolings 

observed in the Arctic), dynamical amplification of such 
changes is also possible, as was noted above. A number 
of studies have suggested that increased CO2 and other 
greenhouse gases could substantially affect Arctic ozone 
[e.g., Austin et al., 1992; Shindell et al., 1998]. The work 
of Shindell et al. argues for a key role for such a feed- 
back both in the 1990s and perhaps in future years, with 
the peak Arctic ozone losses being predicted to occur 
near 2010, well after the expected peak of chlorine 
loading (see also Dameris et al. [1998]). However, at 
present the possibility that the recent colder Arctic tem- 
peratures are part of a natural low-frequency cycle that 
could, for example, induce a series of colder years every 
50 years or so cannot be ruled out given the short record 
of existing global stratospheric temperature data. Hence 
while it is clear that there has been significant chemical 
ozone depletion associated with the cold Arctic winter- 
spring seasons of recent years, the fundamental reason 
for those cold temperatures remains a topic of research. 

7. SUMMARY OF THE PAST AND A LOOK TO THE 

FUTURE 

This paper has outlined the history and conceptual 
understanding of the processes responsible for ozone 
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Plate 6. (top) Total tropospheric chlorine content estimated from the baseline scenario of WMO/UNEP 
[1999]; this is based on a gas-by-gas analysis like those shown in Plate 5. (bottom) Changes in the 5-year 
running mean ozone observed over Switzcrland [Staehelin et al., 1998a, b] compared with a model calculation 
for 45øN applying the same time averaging, with and without considering the effects of volcanic enhancements 
in aerosol chemistry (from the model of Solomon et al. [1996, 1998]). The major eruptions since 1980 were 
those of E1 Chich6n in 1982 and Pinatubo in 1991. 

depletion by chlorofiuorocarbons in the stratosphere. In 
brief, the long lifetimes of chlorofiuorocarbons are re- 
flected in their observed worldwide accumulation in the 

atmosphere. Their role in stratospheric ozone depletion 
depends critically on partitioning processes that follow 
release of halogen atoms; indeed, the marked contrasts 
between fluorine (which does not deplete stratospheric 
ozone), chlorine, and bromine illustrate the central role 
of partitioning chemistry. Table 2 summarizes a series of 
spatial and temporal fingerprints that connect chlorine 
chemistry to ozone depletion. Observational evidence 
for gas phase chlorine chemistry impacts on ozone is 
provided, for example, by observations of the C10/Cly 
and ozone trend profiles above about 25 km at midlati- 
tudes and by the similarities in their observed latitudinal 
distributions. 

The cold conditions of the Antarctic winter and 

spring stratosphere lead to formation of polar strato- 
spheric clouds. Heterogeneous chemistry involving man- 
made chlorine takes place on these surfaces and results 
in the dramatic and unanticipated Antarctic ozone hole. 
The heterogeneous activation of chlorine from both its 
HCI and C1ONO2 reservoirs and the suppression of the 
NO 2 (that would otherwise reform C1ONO2) alters chlo- 
rine partitioning and allows effective ozone loss in cold 
sunlit air. The close correspondence between observed 
enhancements in C10 and depleted Antarctic ozone 
through independent observational methods as func- 
tions of altitude, latitude, and longitude illustrates the 
key role of these chemical partitioning processes in 
producing the ozone hole. A broad range of chemical 
observations of HC1, HNO3, NO 2, OC10, and other 
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TABLE 2. Summary of Key Fingerprints of Ozone Depletion 

Observation Method Latitude 
Primary Chemistry 

Altitude Linkage 

Profile shapes of upper 
stratospheric ozone 
depletion and C10/Cly 

Latitudinal structure of upper 
stratospheric ozone 
depletion and C10 

Latitudinal structure of C10, 
HC1, NO, NO2, and ozone 
loss in polar regions 

Vertical structure of seasonal 
ozone loss and PSCs in 

polar regions 
Seasonal changes in PSCs, 

ozone depletion, O'C10, 
C10, HC1, and C1ONO2 

Post-Pinatubo (--- 1992-1995) 
ozone depletion and 
recovery; contrast with 
post-Agung (--- 1964-1968) 

Post-Pinatubo changes in 
stratospheric chemical 
state and aerosol content 

(NOx, C•O, I-INO•, OC•O) 

satellite and ground-based 

satellite 

airborne and satellite 

balloon-borne, lidar, and 
satellite 

Northern Hemisphere 30-50 km 
midlatitude 

Polar, midlatitude, 30-50 km 
and tropical 

50ø-85øS, 50-85øN 20 km 

90øS, 50ø-85øS, 50- 12-24 km 
85øN 

balloon-borne, lidar, 50ø-90øS in both ---12-24 km and 
ground-based, and polar regions column 
satellite 

ground-based and some midlatitudes and near 20 km and 
satellite polar regions column 

airborne, ground-based, midlatitudes and near 20 km, near 
balloon-borne, and some polar tropopause, 
satellite and column 

Gas phase chlorine 
chemistry, 
particularly 
partitioning 
processes 

Gas phase chlorine 
chemistry, 
particularly HC1/ 
C10 

Heterogeneous 
chlorine 
activation and 

NO 2 suppression 
Heterogeneous 

chlorine 
activation 

Heterogeneous 
chemistry 

Heterogeneous 
liquid surface 
chemistry 
relating to 
chlorine 

Heterogeneous 
chemistry, 
particularly 
N20 5 hydrolysis 
and some 
chlorine 

activation 

species support and extend this picture. Quantitative 
numerical modeling studies that include detailed analy- 
ses of transport and chemistry further connect the en- 
hanced C10 produced by heterogeneous chemistry to 
the formation of the Antarctic ozone hole. 

Scientific understanding of PSCs and heterogeneous 
chemistry has evolved considerably in recent years. The 
detailed microphysical mechanisms responsible for 
freezing of PSC particles and for denitrification are 
subject to debate at present, but these processes appear 
to be less critical to ozone depletion than was once 
thought. There is evidence from field, laboratory, and 
modeling studies that PSCs can be composed not only of 
solid water ice and nitric acid hydrates but also of liquid 
solutions of water, sulfuric acid, and nitric acid. The 
chemistry associated with these varying surfaces displays 
important differences in detail but has the common 
feature that all can suppress NO 2 and activate chlorine 
from the reservoir species, making the ozone depletion 
process more continuous in temperature and less depen- 
dent upon the abrupt temperature thresholds that are 
associated with formation of solids than was previously 
thought. 

Observations of enhanced Antarctic and midlatitude 

ozone depletion following the eruption of Pinatubo con- 

firm the impact of liquid aerosol surfaces on chlorine 
and nitrogen partitioning chemistry. Observations and 
laboratory studies have demonstrated the efficacy of 
heterogeneous processes on such surfaces (both at 20 
km and at lower altitudes, where high water vapor pres- 
sures enhance chlorine activation chemistry). As in the 
Antarctic, concurrent observations of a broad range of 
chemical species show evidence for surface reactions 
associated with particles, which work to enhance C10/ 
Cly partitioning at midlatitudes. Dilution and processing 
of the polar ozone losses also contribute to midlatitude 
ozone depletion. While some studies suggest a role for a 
purely dynamical trend in midlatitude ozone depletion, 
these have not yet succeeded in quantifying a significant 
contribution. 

There is abundant evidence for heterogeneous per- 
turbations to Arctic chemistry through observations of 
C10, OC10, HC1, and many other key gases. Arctic 
ozone has reached record low values in many years in 
the 1990s, linked not only with heterogeneous chemistry 
on Pinatubo aerosols but also with unusually cold spring 
temperatures. A chemical contribution to these low val- 
ues has been documented with a variety of methods 
including trajectory "matches," chemistry transport 
modeling, and tracer correlation studies. The funda- 
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mental question of the cause or causes of record low 
temperatures in many of the Arctic winter-spring 
seasons of the 1990s remains a topic of debate and a 
key issue. 

In closing, Plates 5 and 6 are presented to show the 
impact of changes in global emissions of chlorofluoro- 
carbons and the likely future of the ozone layer based on 
the conceptual picture developed in this review. Plate 5 
displays surface observations of CFC-11 and methyl 
chloroform (CH 3 CC13). The latter gas is the only short- 
lived industrial chlorofluorocarbon produced in large 
amounts in the 1970s and 1980s. Because of its 5-year 
lifetime, the abundances of methyl chloroform have al- 
ready begun to decline, as a result of reduced global 
emissions. Those of CFC-11 are just passing their peak 
and are projected to decline slowly in coming decades, 
reflecting its 50-year lifetime. 

Plate 6 (top) shows the past and future projections of 
the total tropospheric chlorine content (which leads the 
stratosphere by 3-5 years). It is anticipated that the 
combined effect of all CFCs will lead to a peak strato- 
spheric chlorine loading in the late 1990s. By about 2040, 
the chlorine will return to levels close to those of the late 

1970s, when ozone depletion was first apparent. All 
other things being equal, the Antarctic ozone hole and 
midlatitude ozone depletion will likely disappear around 
this time. However, the key role of temperature and 
aerosols in modulating ozone depletion must also be 
considered. The unusually cold Arctic winter-spring sea- 
sons of recent years stand at the time of this writing as a 
critical challenge to our understanding that could affect 
the future of polar ozone depletion in both hemispheres. 
For example, if the majority of future Arctic winters 
were to be colder than average, then the Arctic ozone 
depletion would likely be prolonged. The bottom panel 
of Plate 6 shows the long-running Arosa, Switzerland, 
ozone record illustrating the onset of midlatitude ozone 
depletion, its links to heterogeneous chemistry, and its 
simulation with a current stratospheric chemistry model 
including the processes described in this review. The 
changes in ozone observed over Arosa are in good 
agreement with the zonally averaged global satellite data 
discussed earlier, and the time-averaged trends obtained 
there are representative of northern midlatitudes. Plate 
6 illustrates that the future of midlatitude ozone deple- 
tion is likely to be linked not only to chlorine but also in 
part to volcanoes for at least several decades. If there 
were to be an extremely large volcanic eruption such as 
that of Tambora (whose 1815 eruption is estimated at 
about 3 times the stratospheric impact of Pinatubo) in 
coming decades, it is likely that midlatitude ozone de- 
pletion would be increased even though the chlorine 
content of the stratosphere is expected to be lower than 
it is today. This illustrates the connection between the 
accumulation of chlorine in today's atmosphere due to 
human activities of the industrial era and the unpredict- 
able timescales of geologic phenomena that couple into 
this altered chemical state. 

This review has emphasized many spatial and tempo- 
ral "fingerprints" that illustrate the role of chlorine in 
depleting ozone in the contemporary stratosphere (Ta- 
ble 2). Indeed, it is the structure of the ozone loss in 
space (e.g., in the 40-km region) and time (e.g., in the 
Antarctic spring and in midlatitudes in the years follow- 
ing Pinatubo) that tests and confirms scientific under- 
standing, illustrating how gas phase and heterogeneous 
modulation of C10/Cly partitioning affects ozone deple- 
tion. Through the impacts of this chemistry, the strato- 
spheric ozone layer in the twenty-first century will con- 
tinue to reflect the impact of the changes in chlorine 
enacted in the twentieth. 

GLOSSARY 

Active chlorine: chlorine compounds that destroy 
ozone and interchange rapidly with one another in the 
sunlit atmosphere (mainly C1, C10, C1202, OC10, and 
HOC1); chlorine that is not tied up in the reservoir gases 
(HC1 and C1ONO2). 

Chlorine loading: Abundance of total chlorine in 
all forms (including CFCs) at a given location. 

Chlorofluorocarbons (CFCs): Chemicals, used in a 
variety of industrial applications, that are the dominant 
source of chlorine to the present-day stratosphere. 

CIr: The sum of all chlorine gases liberated by de- 
composition of CFCs, including.C1, C10, HC1, C1ONO2, 
HOC1, C1202, and other trace species. 

CIO dimer: C1202, a key intermediate in the forma- 
tion of the Antarctic ozone hole. See the catalytic cycle 
involving this gas illustrated in Table 1. 

Denitrification' Removal of reactive nitrogen 
(NOy) from the stratosphere through sedimentation of 
large particles containing nitric acid. 

Dehydration: Removal of water vapor from the 
stratosphere through sedimentation of large particles 
containing water. 

Dobson Unit (DU): Unit of measurement of total 
ozone column abundance, named for G. M. B. Dobson, 
a pioneer in measurement of ozone. One Dobson unit 
corresponds to 2.6 x 10 •6 molecules cm -2 of total over- 
head column ozone. 

Frost point: The temperature at which water con- 
denses to form solid ice. 

NAI: Nitric acid trihydrate, or HNO3' (H20)3). 
Some polar stratospheric clouds are probably composed 
of solid NAT particles. 

NOx: NO + NO2, two reactive forms of nitrogen 
that interchange very rapidly with each other in the 
sunlit atmosphere. The amount of NOx is linked to NO 2 
and hence to formation of the C1ONO 2 reservoir. 

NOr: The sum of the relatively reactive total nitro- 
gen gases, including N, NO, NO2, C1ONO2, NO3, N20 s, 
BrONO 2, HNO3, and other trace species. 

Ozone hole: Widespread removal of total ozone in 
Antarctic spring. The hole is reflected in both the steep 
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latitudinal gradients in the observed ozone depletion 
and in its temporal evolution since the mid-1970s. 

Partitioning: Distribution of chlorine between ac- 
tive compounds that destroy ozone and reservoirs that 
are inert toward ozone. 

ppbv, pptv: Parts per billion by volume or parts per 
trillion by volume, indicating relative abundance of a 
given gas (i.e., 1 ppbv = 1 molecule per billion total air 
molecules). 

Processing: General term describing conversion of 
chlorine to active forms. Chemical processing refers to 
in situ chemistry. Vortex processing refers to flow of air 
to midlatitudes from the vortex, while PSC processing 
refers to flow of air through PSCs associated with locally 
cold temperatures. 

Polar stratospheric clouds (PSCs): Clouds that are 
observed to form at cold temperatures (below ---200 K) 
in the polar stratospheres of both hemispheres. 

Reservoir: Long-lived compound capable of storing 
NOx or active chlorine in a relatively inert form (mainly 
HNO 3, HC1, and C1ONO2). 

Stratosphere: The region of the atmosphere be- 
tween ---12 and 50 krn (a few kilometers lower in polar 
regions and higher in the tropics) in which heating by 
ozone leads to increasing temperatures with increasing 
altitude. 

Sulfuric acid tetrahydrate (SAI): A solid form of 
sulfuric acid and water that can form under certain 

thermodynamic conditions. 
lracer: Long-lived chemical compound that can be 

used to trace the atmospheric airflow. 
lropopause: The transition region, in which tem- 

peratures reach a minimum, between the troposphere 
and stratosphere. 

lroposphere: The region of the atmosphere be- 
tween the surface and the stratosphere, in which tem- 
peratures decrease with increasing altitude. 

lype 1: Polar stratospheric clouds that form at tem- 
peratures above the frost point. 

lype 1 a (1 b): Solid (liquid) polar stratospheric 
clouds at temperatures above the frost point. 

lype 2: Solid water ice polar stratospheric clouds 
that form when temperatures drop below the frost point. 

Vortex: Dynamical structure of the stratosphere in 
polar winter caused by the absence of solar illumination, 
which leads to a cooling over the poles and a large 
temperature gradient relative to midlatitudes. This tem- 
perature gradient implies rapid zonal (east-west) flow 
characterizing the "jet" at the edge of the vortex, while 
the air within the vortex is relatively isolated in compar- 
ison with surrounding regions. 

ACKNOW!.I:DGMENIS. The author is very grateful to 
the many colleagues who sent reprints, made suggestions, and 
supplied data for inclusion here. R. Zander and E. Mathieu 
provided ATMOS observations of chlorine partitioning, while 
T. Turunen and E. Kyro kindly provided the Finnish ozone- 

sonde data. Antarctic and Arctic ozone data were generously 
furnished by J. Shanklin and P. Newman. The author also 
wishes to thank S. Montzka, J. Elkins, D. Fahey, M. Santee, 
and J. Waters for generously providing data used in key figures 
here. Observations available on the World Wide Web for 

ozone at Halley and Arosa, and the CMDL and ALE/GAGE 
measurements of CFCs are also deeply appreciated. The as- 
sistance of Susan Hovde and Maria Neary in preparation of the 
figures is also gratefully acknowledged. Helpful comments and 
suggestions by P. Crutzen, R. de Zafra, V. Dvortsov, D. Fahey, 
R. Garcia, J. Holton, J. Lynch, M. MacFarland, G. Manney, H. 
Michelsen, D. Murphy, M. Santee, R. Salawitch, J. Staehelin, 
M. Tolbert, J. Waters, C. Webster and the reviewers greatly 
aided in the author in preparation of this review. 

Michael Coffey was the Editor responsible for this paper. 
He thanks M. Schoeberl and J. Waters for the technical re- 

views and S. Islam for the cross-disciplinary review. 

REFERENCES 

Abbatt, J.P., L. T. Molina, and M. J. Molina, Heterogeneous 
interactions of C1ONO2 and HC1 on nitric acid trihydrate at 
202 K, J. Phys. Chem., 96, 7674-7679, 1992. 

Adrian, G. P., et al., First results of ground-based FTIR mea- 
surements of atmospheric trace gases in north Sweden and 
Greenland during EASOE, Geophys. Res. Lett., 21, 1343- 
1346, 1994. 

Adriani, A., G. Fiocco, G. P. Gobbi, and F. Congeduti, Cor- 
related behavior of aerosol and ozone contents of the 

stratosphere after the E1 Chich6n eruption, J. Geophys. 
Res., 92, 8365-8372, 1987. 

Adriani, A., T. Deshler, G. Di Donfrancesco, and G. P. Gobbi, 
Polar stratospheric clouds and volcanic aerosol during 
spring 1992 over McMurdo Station, Antarctica: Lidar and 
particle counter comparisons, J. Geophys. Res., 100, 25,877- 
25,897, 1995. 

Anderson, J. G., J. J. Margitan, and D. H. Stedman, Atomic 
chlorine and the chlorine monoxide radical in the strato- 

sphere: Three in-situ observations, Science, 198, 501-503, 
1977. 

Anderson, J. G., W. H. Brune, and M. H. Proffitt, Ozone 
destruction by chlorine radicals within the Antarctic vortex: 
The spatial and temporal evolution of C10-O 3 anticorrela- 
tion based on in situ ER-2 data, J. Geophys. Res., 94, 
11,465-11,479, 1989. 

Andrews, D. G., J. R. Holton, and C. B. Leovy, Middle Atmo- 
sphere Dynamics, Academic, San Diego, Calif., 1987. 

Anthony, S. E., T. B. Onasch, R. T. Tisdale, R. S. Disselkamp, 
M. A. Tolbert, and J. C. Wilson, Laboratory studies of 
ternary H2SO4/HNO3f[-I20 particles: Implications for polar 
stratospheric cloud formation, J. Geophys. Res., 102, 
10,777-10,784, 1997. 

Arnold, F., Stratospheric aerosol increases and ozone destruc- 
tion: Implications from mass spectrometer measurements, 
Ber. Bunsen Ges. Phys. Chem., 96, 339-350, 1992. 

Atkinson, R. J., W. A. Matthews, P. A. Newman, and R. A. 
Plumb, Evidence of mid-latitude impact of Antarctic ozone 
depletion, Nature, 340, 290-294, 1989. 

Austin, J., R. R. Garcia, J. M. Russell III, S. Solomon, and 
A. F. Tuck, On the atmospheric photochemistry of nitric 
acid, J. Geophys. Res., 91, 5477-5485, 1986. 

Austin, J., N. Butchart, and K. P. Shine, Possibility of an Arctic 
ozone hole in a doubled-CO2 climate, Nature, 360, 221-225, 
1992. 

Availone, L. M., D. W. Toohey, W. H. Brune, R. J. Salawitch, 
A. E. Dessler, and J. G. Anderson, Balloon-borne in situ 



306 ß Solomon: STRATOSPHERIC OZONE DEPLETION 37, 3 / REVIEWS OF GEOPHYSICS 

measurements of C10 and ozone: Implications for hetero- 
geneous chemistry and mid-latitude ozone loss, Geophys. 
Res. Lett., 20, 1795-1798, 1993a. 

Availone, L. M., D. W. Toohey, M. H. Proffitt, J. J. Margitan, 
K. R. Chan, and J. G. Anderson, In situ measurements of 
C10 at mid-latitudes: Is there an effect from Mt. Pinatubo?, 
Geophys. Res. Lett., 20, 2519-2522, 1993b. 

Bates, D. R., and M. Nicolet, Atmospheric hydrogen, Publ. 
Astron. Soc. Pac., 62, 106-110, 1950. 

Becker, G., R. Miiller, D. S. McKenna, M. Rex, and K. S. 
Carslaw, Ozone loss rates in the Arctic stratosphere in the 
winter 1991/92: Model calculations compared with Match 
results, Geophys. Res. Lett., 23, 4325-4328, 1998. 

Bekki, S., On the possible role of aircraft-generated soot in the 
middle latitude ozone depletion, J. Geophys. Res., 102, 
10,751-10,758, 1997. 

Bekki, S., and J. A. Pyle, A two-dimensional modeling study of 
the volcanic eruption of Mount Pinatubo, J. Geophys. Res., 
99, 18,861-18,869, 1994. 

Bell, W., N. A. Martin, T. D. Gardiner, N. R. Swann, P. T. 
Woods, P. F. Fogal, and J. W. Waters, Column measure- 
ments of stratospheric trace species over •re, Sweden, in 
the winter of 1991-1992, Geophys. Res. Lett., 21, 1347-1350, 
1994. 

Bertram, A. K., and J. J. Sloan, The nucleation rate constants 
and freezing mechanism of nitric acid trihydrate aerosol 
under stratospheric conditions, J. Geophys. Res., 103, 
13,261-13,265, 1998. 

Bevilacqua, R. M., et al., POAM II ozone observations in the 
Antarctic ozone hole in 1994, 1995, and 1996, J. Geophys. 
Res., 102, 23,643-23,657, 1997. 

Beyer, K. D., S. W. Seago, H. Y. Chang, and M. J. Molina, 
Composition and freezing of aqueous H2SO4-HNO 3 solu- 
tions under polar stratospheric conditions, Geophys. Res. 
Lett., 21,871-874, 1994. 

Beyerle, G., R. Neuber, and O. Schrems, Multiwavelength 
lidar measurements of stratospheric aerosols above Spits- 
bergen during winter 1992/93, Geophys. Res. Lett., 21, 57- 
60, 1994. 

Bianco, R., and J. T. Hynes, Ab initio model study of the 
mechanism of chlorine nitrate hydrolysis on ice, J. Phys. 
Chem., 102, 309 -314, 1998. 

Boering, K. A., S.C. Wofsy, B.C. Daube, H. R. Schneider, M. 
Loewenstein, J. R. Podolske, and T. J. Conway, Strato- 
spheric mean ages and transport rates from observations of 
carbon dioxide and nitrous oxide, Science, 274, 1340-1343, 
1996. 

Bojkov, R. D., and V. E. Fioletov, Changes of the lower 
stratospheric ozone over Europe and Canada, J. Geophys. 
Res., 102, 1337-1347, 1997. 

Bojkov, R. D., C. S. Zerefos, D. S. Balis, I. C. Ziomas, and 
Z. F. Bais, Record low total ozone during northern winters 
of 1992-1993, Geophys. Res. Lett., 20, 1351-1354, 1993. 

Bojkov, R. D., L. Bishop, and V. E. Fioletov, Total ozone 
trends from quality-controlled ground-based data (1964- 
1994), J. Geophys. Res., 100, 25,867-25,876, 1995. 

Borrmann, S., S. Solomon, J. E. Dye, and B. Luo, The potential 
of cirrus clouds for heterogenous chlorine activation, Geo- 
phys. Res. Lett., 23, 2133-2136, 1996. 

Borrmann, S., S. Solomon, J. E. Dye, D. Baumgardner, K. K. 
Kelly, and K. R. Chan, Heterogeneous reactions on strato- 
spheric background aerosols, volcanic sulfuric acid droplets, 
and type I polar stratospheric clouds: Effects of tempera- 
ture fluctuations and differences in particle phase, J. Geo- 
phys. Res., 102, 3639-3648, 1997a. 

Borrmann, S., S. Solomon, L. Availone, D. Toohey, and D. 
Baumgardner, On the occurrence of C10 in cirrus clouds 
and volcanic aerosol in the tropopause region, Geophys. 
Res. Lett., 24, 2011-2014, 1997b. 

Brasseur, G., and C. Granier, Mount Pinatubo aerosols, chlo- 
rofluorocarbons, and ozone depletion, Science, 257, 1239- 
1242, 1992. 

Brasseur, G., and M. H. Hitchman, Stratospheric response to 
trace gas perturbations: Changes in ozone and temperature 
distributions, Science, 240, 634-637, 1988. 

Brasseur, G., and S. Solomon, Aeronomy of the Middle Atmo- 
sphere, 2nd ed., D. Reidel, Norwell, Mass., 1986. 

Brasseur, G. P., X. X. Tie, P. J. Rasch, and F. Lefevre, A 
three-dimensional simulation of the Antarctic ozone hole: 

Impact of anthropogenic chlorine on the lower stratosphere 
and upper troposphere, J. Geophys. Res., 102, 8909-8930, 
1997. 

Bregman, A., M. van den Broek, K. S. Carslaw, R. Miiller, T. 
Peter, M.P. Scheele, and J. Lelieveld, Ozone depletion in 
the late winter lower Arctic stratosphere: Observations and 
model results, J. Geophys. Res., 102, 10,815-10,828, 1997. 

Brewer, A. W., Evidence for a world circulation provided by 
the measurements of helium and water vapour distribution 
in the stratosphere, Q. J. R. Meteorol. Soc., 75, 351-363, 
1949. 

Browell, E. V., C. F. Butler, S. Ismail, P. A. Robinette, A. F. 
Carter, N. S. Higdon, O. B. Toon, M. R. Schoeberl, and 
A. F. Tuck, Airborne lidar observations in the wintertime 
Arctic stratosphere: Polar stratospheric clouds, Geophys. 
Res. Lett., 17, 385-388, 1990. 

Brune, W. H., J. G. Anderson, and K. R. Chan, In situ 
observations of BrO over Antarctica: ER-2 aircraft results 

from 54øS to 72øS latitude, J. Geophys. Res., 94, 16,639- 
16,647, 1989. 

Brune, W. H., D. W. Toohey, J. G. Anderson, and K. R. Chan, 
In situ observations of C10 in the Arctic stratosphere: ER-2 
aircraft results from 59øN to 80øN latitude, Geophys. Res. 
Lett., 17, 505-508, 1990. 

Brune, W. H., J. G. Anderson, D. W. Toohey, D. W. Fahey, 
S. R. Kawa, R. L. Jones, D. S. McKenna, and L. R. Poole, 
The potential for ozone depletion in the Arctic polar strato- 
sphere, Science, 252, 1260-1266, 1991. 

Cadle, R. D., P. Crutzen, and D. Ehhalt, Heterogeneous chem- 
ical reactions in the stratosphere, J. Geophys. Res., 80, 
3381-3385, 1975. 

Callis, L. B., and M. Natarajan, The Antarctic ozone minimum: 
Relationship to odd nitrogen, odd chlorine, the final warm- 
ing, and the 11-year solar cycle, J. Geophys. Res., 91, 10,771- 
10,798, 1986. 

Cariolle, D., A. Lasserre-Bigorry, and J.-F. Royer, A general 
circulation model simulation of the springtime Antarctic 
ozone decrease and its impact on midlatitudes, J. Geophys. 
Res., 95, 1883-1898, 1990. 

Carslaw, K. S., and T. Peter, Uncertainties in reactive uptake 
coefficients for solid stratospheric particles, 1, Surface 
chemistry, Geophys. Res. Lett., 24, 1743-1746, 1997. 

Carslaw, K. S., B. P. Luo, S. L. Clegg, T. Peter, P. Brimble- 
combe, and P. J. Crutzen, Stratospheric aerosol growth and 
HNO 3 gas phase depletion from coupled HNO 3 and water 
uptake by liquid particles, Geophys. Res. Lett., 21, 2479- 
2482, 1994. 

Carslaw, K. S., T. Peter, and S. L. Clegg, Modeling the com- 
position of liquid stratospheric aerosols, Rev. Geophys., 35, 
125-154, 1997a. 

Carslaw, K. S., T. Peter, and R. Miiller, Uncertainties in 
reactive uptake coefficients for solid stratospheric particles, 
2, Effect on ozone depletion, Geophys. Res. Lett., 24, 1747- 
1750, 1997b. 

Carslaw, K. S., et al., Increased stratospheric ozone depletion 
due to mountain-induced atmospheric waves, Nature, 391, 
675-678, 1998. 

Chandra, S., C. H. Jackman, A. R. Douglass, E. L. Fleming, 
and D. B. Considine, Chlorine catalyzed destruction of 



37, 3 / REVIEWS OF GEOPHYSICS Solomon: STRATOSPHERIC OZONE DEPLETION ß 307 

ozone: Implications for ozone variability in the upper 
stratosphere, Geophys. Res. Lett., 20, 351-354, 1993. 

Chapman, S., On ozone and atomic oxygen in the upper 
atmosphere, Philos. Mag., 10, 369-383, 1930. 

Chin, M., and D. D. Davis, A reanalysis of carbonyl sulfide as 
a source of stratospheric background sulfur aerosols, J. 
Geophys. Res., 100, 8993-9005, 1995. 

Chipperfield, M.P., and J. A. Pyle, Two-dimensional model- 
ling of the Antarctic lower stratosphere, Geophys. Res. Lett., 
15, 875-878, 1988. 

Chipperfield, M.P., and J. A. Pyle, Model sensitivity studies of 
Arctic ozone depletion, J. Geophys. Res., 103, 28,389- 
28,403, 1998. 

Chipperfield, M.P., D. Cariolle, and P. Simon, A 3D transport 
model study of chlorine activation during EASOE, Geo- 
phys. Res. Lett., 21, 1467-1470, 1994. 

Chipperfield, M.P., A.M. Lee, and J. A. Pyle, Model calcu- 
lations of ozone depletion in the Arctic polar vortex for 
1991/92 to 1994/95, Geophys. Res. Lett., 23, 559-562, 1996. 

Chubachi, S., Preliminary result of ozone observations at 
Syowa Station from February, 1982 to January, 1983, Mem. 
Natl. Inst. Polar Res. Jpn. Spec. Issue, 34, 13-20, 1984. 

Clapp, M. L., R. F. Niedziela, L. J. Richwine, T. Dransfield, 
R. E. Miller, and D. R. Worsnop, Infrared spectroscopy of 
sulfuric acid/water aerosols: Freezing characteristics, J. 
Geophys. Res., 102, 8899-8907, 1997. 

Coffey, M. T., and W. G. Mankin, Observations of the loss of 
stratospheric NO 2 following volcanic eruptions, Geophys. 
Res. Lett., 20, 2873-2876, 1993. 

Coffey, M. T., W. G. Mankin, and A. Goldman, Airborne 
measurements of stratospheric constituents over Antarctica 
in the austral spring, 1987, 2, Halogen and nitrogen trace 
gases, J. Geophys. Res., 94, 16,597-16,613, 1989. 

Cohen, R. C., et al., Are models of catalytic removal of 03 by 
HO x accurate?, Constraints from in situ measurements of 
the OH to HO 2 ratio, Geophys. Res. Lett., 21, 2539-2542, 
1994. 

Collins, R. L., K. P. Bownan, and C. S. Gardner, Polar strato- 
spheric clouds at the South Pole in 1990: Lidar observations 
and analysis, J. Geophys. Res., 98, 1001-1010, 1993. 

Cornu, A., Observation de la limite ultraviolette du spectre 
solaire h diverses altitudes, C. R. Hebd. Seances ,,Icad. Sci., 
89, 808, 1879. 

Cox, R. A., A. R. MacKenzie, R. H. Mtiller, T. Peter, and P. J. 
Crutzen, Activation of stratospheric chlorine by reactions in 
liquid sulphuric acid, Geophys. Res. Lett., 21, 1439-1442, 
1994. 

Coy, L., E. R. Nash, and P. A. Newman, Meteorology of the 
polar vortex: Spring 1997, Geophys. Res. Lett., 24, 2693- 
2696, 1997. 

Crewell, S., K. Ktinzi, H. Nett, T. Wehr, and P. Hartogh, 
Aircraft measurements of C10 and HC1 during EASOE 
1991/92, Geophys. Res. Lett., 21, 1267-1270, 1994. 

Crutzen, P. J., The influence of nitrogen oxide on the atmo- 
spheric ozone content, Q. J. R. MeteoroL Soc., 96, 320-327, 
1970. 

Crutzen, P. J., Ozone production rates in an oxygen-hydrogen- 
nitrogen oxide atmosphere, J. Geophys. Res., 76, 7311-7327, 
1971. 

Crutzen, P. J., Estimates of possible future ozone reductions 
from continued use of fluoro-chloro-methanes (CF2C12, 
CFC13), Geophys. Res. Lett., 1, 205-208, 1974. 

Crutzen, P. J., The possible importance of OCS for the sulfate 
layer of the atmosphere, Geophys. Res. Lett., 3, 73-76, 1976. 

Crutzen, P. J., and F. Arnold, Nitric acid cloud formation in 
the cold Antarctic stratosphere: A major cause for the 
springtime 'ozone hole,' Nature, 324, 651-655, 1986. 

Crutzen, P. J., I. S. A. Isaksen, and J. R. McAfee, Impact of 

chlorocarbon industry on the ozone layer, J. Geophys. Res., 
83, 345-363, 1978. 

Dameris, M., V. Grewe, R. Hein, C. Schnadt, C. Brfihl, and B. 
Steil, Assessment of the future development of the ozone 
layer, Geophys. Res. Lett., 25, 3579-3582, 1998. 

Danilin, M. Y., and J. C. McConnell, Stratospheric effects of 
bromine activation on/in sulfate aerosol, J. Geophys. Res., 
100, 11,237-11,243, 1995. 

Del Negro, L. A., et al., Evaluating the role of NAT, NAD, and 
liquid H2SO4/H20/HNO3 solutions in Antarctic polar 
stratospheric cloud aerosol: Observations and implications, 
J. Geophys. Res., 102, 13,255-13,282, 1997. 

Deniel, C., R. M. Bevilacqua, J.P. Pommereau, and F. Lefe- 
vre, Arctic chemical ozone depletion during the 1994-1995 
winter deduced from POAM II satellite observations and 

the REPROBUS three-dimensional model, J. Geophys. 
Res., 103, 19,231-19,244, 1998. 

Deshler, T., A. Adriani, G. P. Gobbi, D. J. Hofmann, G. Di 
Donfrancesco, and B. J. Johnson, Volcanic aerosol and 
ozone depletion within the Antarctic polar vortex during 
the austral spring of 1991, Geophys. Res. Lett., 19, 1819- 
1822, 1992. 

Dessler, A. E., et al., Correlated observations of HC1 and 
C1ONO2 from UARS and implications for stratospheric 
chlorine partitioning, Geophys. Res. Lett., 22, 1721-1724, 
1995. 

Dessler, A. E., S. R. Kawa, A. R. Douglass, D. B. Considine, 
J. B. Kumer, A. E. Roche, J. L. Mergenthaler, J. W. Waters, 
J. M. Russell III, and J. C. Gille, A test of the partitioning 
between C10 and C1ONO2 using simultaneous UARS mea- 
surements of C10; NO2 and C1ONO2, J. Geophys. Res., 101, 
12,515-12,521, 1996. 

Dessler, A. E., D. B. Considine, J. E. Rosenfield, S. R. Kawa, 
A. R. Douglass, and J. M. Russell III, Lower stratospheric 
chlorine partitioning during the decay of the Mt. Pinatubo 
aerosol cloud, Geophys. Res. Lett., 24, 1623-1626, 1997. 

Dessler, A. E., M.D. Burrage, J.-U. Grooss, J. R. Holton, J. L. 
Lean, S. T. Massie, M. R. Schoeberl, A. R. Bouglass, and 
C. H. Jackman, Selected science highlights from the first 5 
years of the Upper Atmosphere Research Satellite (UARS) 
program, Rev. Geophys., 36, 183-210, 1998. 

de Zafra, R. L., M. Jaramillo, A. Parrish, P. Solomon, B. 
Connor, and J. Barnett, High concentrations of chlorine 
monoxide at low altitudes in the Antarctic spring strato- 
sphere: Diurnal variation, Nature, 328, 408-411, 1987. 

de Zafra, R. L., M. Jaramillo, J. Barrett, L. K. Emmons, P.M. 
Solomon, and A. Parrish, New observations of a large 
concentration of C10 in the springtime lower stratosphere 
over Antarctica and its implications for ozone-depleting 
chemistry, J. Geophys. Res., 94, 11,423-11,428, 1989. 

de Zafra, R. L., L. K. Emmons, J. M. Reeves, and D. T. 
Shindell, An overview of millimeter-wave spectroscopic 
measurements of chlorine monoxide at Thule, Greenland, 
February-March, 1992: Vertical profiles, diurnal variation, 
and longer-term trends, Geophys. Res. Lett., 21, 1271-1274, 
1994. 

Dobson, G. M. B., Observations of the amount of ozone in the 
Earth's atmosphere and its relation to other geophysical 
conditions, Proc. R. Soc. London, Ser. A., 129, 411, 1930. 

Dobson, G. M. B., Forty years' research on atmospheric ozone 
at Oxford: A history, Appl. Opt., 7, 387-405, 1968. 

Donovan, D. P., et al., Ozone, column C10, and PSC measure- 
ments made at the NDSC Eureka observatory (80øN, 86øW) 
during the spring of 1997, Geophys. Res. Lett., 24, 2709- 
2712, 1997. 

Douglass, A. R., M. R. Schoeberl, R. S. Stolarski, J. W. Waters, 
J. M. Russell III, A. E. Roche, and S. T. Massie, Interhemi- 
spheric differences in springtime production of HC1 and 



308 ß Solomon: STRATOSPHERIC OZONE DEPLETION 37, 3 / REVIEWS OF GEOPHYSICS 

C1ONO 2 in the polar vortices, J. Geophys. Res., 100, 13,967- 
13,978, 1995. 

Drdla, K., A. Tabazadeh, R. P. Turco, M. Z. Jacobsen, J. E. 
Dye, C. Twohy, and D. Baumgardner, Analysis of the phys- 
ical state of one Arctic polar stratospheric cloud based on 
observations, Geophys. Res. Lett., 21, 2475-2478, 1994. 

Dtitsch, H. V., Ozone distribution in the atmosphere, Can. 
J. Chem., 52, 1491-1504, 1974. 

Dye, J. E., D. Baumgardner, B. W. Gandrud, S. R. Kawa, K. K. 
Kelly, M. Loewenstein, G. V. Ferry, K. R. Chan, and B. L. 
Gray, Particle size distributions in Arctic polar strato- 
spheric clouds, growth and freezing of sulfuric acid droplets 
and implications for cloud formation, J. Geophys. Res., 97, 
8015-8034, 1992. 

Dye, J. E., et al., In-situ observations of an Antarctic polar 
stratospheric cloud: Similarities with Arctic observations, 
Geophys. Res. Lett., 23, 1913-1916, 1996. 

Elkins, J. W., T. M. Thompson, T. H. Swanson, J. H. Butler, 
B. D. Hall, S. O. Cummings, D. A. Fisher, and A. G. Raffo, 
Decrease in the growth rates of atmospheric chlorofluoro- 
carbons 11 and 12, Nature, 364, 780-783, 1993. 

Fabry, C., and M. Buisson, L'absorption de l'ultraviolet par 
l'ozone et la limite du spectre solaire, J. Phys., 3, 196-206, 
1913. 

Fahey, D. W., D. M. Murphy, K. K. Kelly, M. K. W. Ko, M. H. 
Proffitt, C. S. Eubank, G. V. Ferry, M. Loewenstein, and 
K. R. Chan, Measurements of nitric oxide and total reactive 
nitrogen in the Antarctic stratosphere: Observations and 
chemical implications, J. Geophys. Res., 94, 16,665-16,681, 
1989a. 

Fahey, D. W., K. K. Kelly, G. V. Ferry, L. R. Poole, J. C. 
Wilson, D. M. Murphy, M. Loewenstein, and K. R. Chan, In 
situ measurements of total reactive nitrogen, total water 
and aerosol in a polar stratospheric cloud in the Antarctic, 
J. Geophys. Res., 94, 11,299-11,315, 1989b. 

Fahey, D. W., S. R. Kawa, and K. R. Chan, Nitric oxide 
measurements in the Arctic winter stratosphere, Geophys. 
Res. Lett., 17, 489-492, 1990a. 

Fahey, D. W., K. K. Kelly, S. R. Kawa, A. F. Tuck, M. 
Loewenstein, K. R. Chan, and L. E. Heidt, Observations of 
denitrification and dehydration in the winter polar strato- 
spheres, Nature, 344, 321-324, 1990b. 

Fahey, D. W., et al., In situ measurements constraining the role 
of sulfate aerosols in mid-latitude ozone depletion, Nature, 
363, 509-514, 1993. 

Fairbrother, D. H., D. J. D. Sullivan, and H. S. Jonston, Global 
thermodynamic atmospheric modeling: Search for new het- 
erogeneous reactions, J. Phys. Chem. A., 101, 7350-7358, 
1997. 

Farman, J. C., B. G. Gardiner, and J. D. Shanklin, Large losses 
of total ozone in Antarctica reveal seasonal C1Ox/NO • 
interaction, Nature, 315, 207-210, 1985. 

Farmer, C. B., G. C. Toon, P. W. Shaper, J. F. Blavier, and 
L. L. Lowes, Stratospheric trace gases in the spring 1986 
Antarctic atmosphere, Nature, 329, 126-130, 1987. 

Fels, S. B., J. D. Mahlman, M.D. Schwarzkopf, and R. W. 
Sinclair, Stratospheric sensitivity to perturbations in ozone 
and carbon dioxide radiative and dynamical response, J. 
Atmos. Sci., 37, 2265-2297, 1980. 

Fleming, E. L., S. Chandra, J. J. Barnett, and M. Corney, Zonal 
mean temperatures, pressures, zonal winds, and geopote- 
nial heights as a function of latitude, Adv. Space Res., 
10(12), 11-59, 1990. 

Fried, A., B. E. Henry, J. G. Calvert, and M. Mozurkewich, 
The reaction probability of N20 s with sulfuric acid aerosols 
at stratospheric temperatures and compositions, J. Geophys. 
Res., 99, 3517-3532, 1994. 

Fusco, A. C., and M. L. Salby, Interannual variations of total 

ozone and their relationship to variations of planetary wave 
activity, J. Clim., 12, 1619-1629, 1999. 

Gandrud, B. W., P.S. Sperry, L. Sanford, K. K. Kelly, G. V. 
Ferry, and K. R. Chan, Filter measurement results from the 
Airborne Antarctic Ozone Experiment, J. Geophys. Res., 94, 
11,285-11,297, 1989. 

Gandrud, B. W., J. E. Dye, D. Baumgardner, G. V. Ferry, M. 
Loewenstein, K. R. Chan, L. Sanford, B. Gary, and K. Kelly, 
The January 30, 1989, Arctic polar stratospheric clouds 
(PSC) event: Evidence for a mechanism of dehydration, 
Geophys. Res. Lett., 17, 457-460, 1990. 

Gao, R. S., B. Kaercher, E. R. Keim, and D. W. Fahey, 
Constraining the heterogneneous loss of 03 on soot parti- 
cles with observations in jet engine exhaust plumes, Geo- 
phys. Res. Lett., 25, 3323-3326, 1998. 

Gardiner, B.C., Comparative morphology of the vertical 
ozone profile in the Antarctic spring, Geophys. Res. Lett., 
15, 901-904, 1988. 

Geller, M. A., V. Yudin, A. R. Douglass, J. W. Waters, L. S. 
Elson, A. E. Roche, and J. M. Russell III, UARS PSC, 
C1ONO2, HC1 and C10 measurements in early winter: Ad- 
ditional verification of the paradigm for chlorine activation, 
Geophys. Res. Lett., 22, 2937-2940, 1995. 

Gerber, L., and N. K/impfer, Millimeter-wave measurements 
of chlorine monoxide at the Jungfraujoch Alpine Station, 
Geophys. Res. Lett., 21, 1279-1282, 1994. 

Gertner, B. J., and J. T. Hynes, Molecular dynamics simulation 
of hydrochloric acid ionization at the surface of strato- 
spheric ice, Science, 271, 1563-1566, 1996. 

Gleason, J. F., et al., Record low global ozone in 1992, Science, 
260, 523-526, 1993. 

Gobbi, G. P., G. D. Donfrancesco, and A. Adriani, Physical 
properties of stratospheric clouds during the Antarctic win- 
ter of 1995, J. Geophys. Res., 103, 10,859-10,873, 1998. 

Godin, S., G. M6gie, C. David, D. Haner, C. Flesia, and Y. 
Emery, Airborne lidar observations of mountain-wave-in- 
duced polar stratospheric clouds during EASOE, Geophys. 
Res. Lett., 21, 1335-1338, 1994. 

Goutail, F., J.P. Pommereau, A. Sarkissian, E. Kyro, and V. 
Dorokhov, Total nitrogen dioxide at the Arctic polar circle 
since 1990, Geophys. Res. Lett., 21, 1371-1374, 1994. 

Grewe, V., M. Dameris, and R. Sausen, Impact of strato- 
spheric dynamics and chemistry on Northern Hemisphere 
midlatitude ozone loss, J. Geophys. Res., 103, 25,417-25,433, 
1998. 

Haigh, J. D., and J. A. Pyle, A two-dimensional calculation 
including atmospheric carbon dioxide and stratospheric 
ozone, Nature, 279, 222-224, 1979. 

Hampson, J., Photochemical behavior of the ozone layer, Tech. 
Note TN 1627/64, Can. Armament Res. and Dev. Estab., 
Valcartier, Que., Canada, 1964. 

Hanson, D. R., and K. Mauersberger, The vapor pressures of 
HNO3-H20 solutions, J. Phys. Chem., 92, 6167-6170, 1988. 

Hanson, D. R., and A. R. Ravishankara, Reaction of C1ONO 2 
with HC1 on NAT, NAD, and frozen.sulfuric acid and 
hydrolysis of N20 s and C1ONO 2 on frozen sulfuric acid, J. 
Geophys. Res., 98, 22,931-22,936, 1993. 

Hanson, D. R., and A. R. Ravishankara, Reactive uptake of 
C1ONO 2 onto sulfuric acid due to reaction with HC1 and 
H20 , J. Phys. Chem., 98, 5728-5735, 1994. 

Hanson, D. R., and A. R. Ravishankara, Heterogeneous chem- 
istry of bromine species in sulfuric acid under stratospheric 
conditions, Geophys. Res. Lett., 22, 385-388, 1995. 

Hanson, D. R., A. R. Ravishankara, and S. Solomon, Hetero- 
geneous reactions in sulfuric acid aerosols: A framework for 
model calculations, J. Geophys. Res., 99, 3615-3629, 1994. 

Hanson, D. R., A. R. Ravishankara, and E. R. Lovejoy, Reac- 
tions of BrONO2 and H20 on submicron sulfuric acid 



37, 3 / REVIEWS OF GEOPHYSICS Solomon: STRATOSPHERIC OZONE DEPLETION ß 309 

aerosol and the implications for the lower stratosphere, J. 
Geophys. Res., 101, 9063-9069, 1996. 

Harris, N. R. P., et al., Trends in stratospheric and free 
tropospheric ozone, J. Geophys. Res., 102, 1571-1590, 1997. 

Harris, N., R. Hudson, and C. Phillips (Eds.), Assessment of 
trends in the vertical distribution of ozone, SPARC Rep. 1, 
Ozone Res. and Monit. Proj. Rep. 43, World Meteorol. 
Organ., Geneva, May 1998. 

Hartley, D. E., J. T. Villarin, R. X. Black, and C. A. Davis, A 
new perspective on the dynamical link between the strato- 
sphere and troposphere, Nature, 391,471-474, 1998. 

Hartley, W. N., On the probable absorption of solar radiation 
by atmospheric ozone, Chem. News, 42, 268, 1880. 

Hartmann, D. L., L. E. Heidt, M. Loewenstein, J. R. Podolske, 
J. Vedder, W. L. Starr, and S. E. Strahan, Transport into the 
south polar vortex in early spring, J. Geophys. Res., 94, 
16,779-16,795, 1989. 

Heath, D. F., A. J. Krueger, and P. J. Crutzen, Solar proton 
event: Influence on stratospheric ozone, Science, 197, 886- 
889, 1977. 

Hofmann, D. J., and S. J. Oltmans, The effect of stratospheric 
water vapor on the heterogeneous reaction rate for 
C1ONO2 and H20 for sulfuric acid aerosol, Geophys. Res. 
Lett., 19, 2211-2214, 1992. 

Hofmann, D. J., and S. J. Oltmans, Anomalous Antarctic 
ozone during 1992: Evidence for Pinatubo volcanic aerosol 
effects, J. Geophys. Res., 98, 18,555-18,561, 1993. 

Hofmann, D. J., and S. Solomon, Ozone destruction through 
heterogeneous chemistry following the eruption of E1 Chi- 
ch6n, J. Geophys. Res., 94, 5029-5041, 1989. 

Hofmann, D. J., J. W. Harder, S. R. Rolf, and J. M. Rosen, 
Balloon-borne observations of the development and verti- 
cal structure of the Antarctic ozone hole in 1986, Nature, 
326, 59-62, 1987. 

Hofmann, D. J., S. J. Oltmans, J. M. Harris, S. Solomon, T. 
Deschler, and B. J. Johnson, Observations and possible 
causes of new ozone depletion in Antarctica in 1991, Na- 
ture, 359, 283-287, 1992. 

Hofmann, D. J., S. J. Oltmans, W. D. Komhyr, J. M. Harris, 
J. A. Lathtop, A. O. Langford, T. Deshler, B. J. Johnson, A. 
Torres, and W. A. Matthews, Ozone loss in the lower 
stratosphere over the United States in 1992-1993: Evidence 
for heterogeneous chemistry on the Pinatubo aerosol, Geo- 
phys. Res. Lett., 21, 65-68, 1994. 

Hofmann, D. J., S. J. Oltmans, J. M. Harris, B. J. Johnson, and 
J. A. Lathrop, Ten years of ozonesonde measurements at 
the South Pole: Implications for recovery of springtime 
Antarctic ozone, J. Geophys. Res., 102, 8931-8943, 1997. 

Hollandsworth, S. M., R. D. McPeters, L. E. Flynn, W. Planet, 
A. J. Miller, and S. Chandra, Ozone trends deduced from 
combined Nimbus 7 SBUV and NOAA 11 SBUV/2 data, 
Geophys. Res. Lett., 22, 905-908, 1995. 

Holton, J. R., P.'H. Haynes, M. E. Mcintyre, A. R. Douglass, 
R. B.' Rood, and L. Pfister, Stratosphere-troposphere ex- 
change, Rev. Geophys., 33, 403-439, 1995. 

Hood, L• L., and D. A. Zaff, Lower stratospheric stationary 
waves and the longitude dependence of ozone trends in 
winter, J. Geophys. Res., 100, 25,791-25,800, 1995. 

Hood, L. L., J.P. McCormack, and K. Labitzke, An investiga- 
tion of dynamical contributions to midlatitude ozone trends 
in winter, J.'Geophys. Res., 102, 13,079-13,093, 1997. 

Hunten, D. M., Ozone, in The Upper Atmosphere and Magne- 
tosphere, ppo 156-168, Natl. Acad. Sci., Washington, D.C., 
1977. 

Iraci, L. T., T. J. Fortin, and M. A. Tolbert, Dissolution of 
sulfuric acid tetrahydrate at low temperatures and subse- 
quent growth of nitric acid trihydrate, J. Geophys. Res., 103, 
8491-8498, 1998. 

Isaksen, I. S. A., and F. Stordal, Antarctic ozone depletion: 
2-D model studies, Geophys. Res. Lett., 13, 1327-1330, 1986. 

Iwasaka, Y., and K. Kondoh, Depletion of Antarctic ozone: 
Height of ozone loss region and its temporal changes, 
Geophys. Res. Lett., 14, 87-90, 1987. 

Jackman, C. H., and R. D. McPeters, Solar proton events as 
tests for the fidelity of middle atmosphere models, Phys. 
Scr., T18, 309-316, 1987. 

Jackman, C. H., E. L. Fleming, S. Chandra, D. B. Considine, 
and J. E. Rosenfield, Past, present, and future modeled 
ozone trends with comparisons to observed trends, J. Geo- 
phys. Res., 101, 28,753-28,767, 1996. 

Jfiger, H., and K. Wege, Stratospheric ozone depletion at 
northern midlatitudes after major volcanic eruptions, J. 
Atmos. Chem., 10, 273-287, 1990. 

Jaramillo, M., R. L. de Zafra, J. Barrett, L. K. Emmons, P.M. 
Solomon, and A. Parrish, Measurements of stratospheric 
hydrogen cyanide at McMurdo Station, Antarctica: Further 
evidence of winter stratospheric susidence?, J. Geophys. 
Res., 94, 16,773-16,777, 1989. 

Johnston, H. S., Reduction of stratospheric ozone by nitrogen 
oxide catalysts from supersonic transport exhaust, Science, 
173, 517-522, 1971. 

Johnston, H. S., Atmospheric ozone, Annu. Rev. Phys. Chem., 
43, 1-32, 1992. 

Johnston, H. S., and J. Podolske, Interpretation of strato- 
spheric photochemistry, Rev. Geophys., 16, 491-519, 1978. 

Johnston, P. V., and R. L. McKenzie, NO2 observations at 45øS 
during the decreasing phase of solar cycle 21, from 1980 to 
1987, J. Geophys. Res., 94, 3473-3486, 1989. 

Johnston, P. V., R. L. McKenzie, J. G. Keys, and W. A. 
Matthews, Observations of depleted stratospheric NO2 fol- 
lowing the Pinatubo volcanic eruption, Geophys. Res. Lett., 
19, 211-213, 1992. 

Jones, A. E., and J. D. Shanklin, Continued decline of total 
ozone over Halley, Antarctica, since 1985, Nature, 376, 
409-411, 1995. 

Jones, R. L., and A. R. MacKenzie, Observational studies on 
the role of polar regions in midlatitude ozone loss, Geophys. 
Res. Lett., 22, 3485-3488, 1995. 

Jones, R. L., and 2. A. Pyle, Observations of CH 4 and N20 by 
the NIMBUS 7 SAMS: A comparison with in situ data and 
two dimensional numerical model calculations, J. Geophys. 
Res., 89, 5263-5279, 1984. 

Jones, R. L., et al., Lagrangian photochemical modeling stud- 
ies of the 1987 Antarctic spring vortex, 1, Comparison with 
AAOE observations, J. Geophys. Res., 94, 11,529-11,558, 
1989. 

Jones, R. L., Su Solomon, D. S. McKenna, L. R. Poole, W. H. 
Brune, D. W. Toohey, J. G. Anderson, and D. W. Fahey, 
The polar stratospheric cloud event of January 24, 2, Pho- 
tochemistry, Geophys. Res. Lett., 17, 541-544, 1990a. 

Jones, R. L., D. S. McKenna, L. R. Poole, and S. Solomon, On 
the influence of polar stratospheric cloud formation on 
chemical composition during the 1988/89 Arctic winter, 
Geophys. Res. Lett., 17, 545-548, 1990b. 

Jet Propulsion Laboratory (JPL), Chemical Kinetics and Pho- 
tochemical Data for Use in Stratospheric Modelling, Eval- 
uation number 12 of the NASA panel for data evaluation, 
JPL Publ. 97-4, 1997. 

Junge, C. E., C. W. Changnon, and J. E. Manson, Stratospheric 
aerosols, J. Meteorol., 18, 81-108, 1961. 

Kawa, S. R., D. W. Fahey, L. C. Anderson, M. Loewenstein, 
and K. R. Chan, Measurements of total reactive nitrogen 
during the Airborne Arctic Stratospheric Expedition, Geo- 
phys. Res. Lett., 17, 485-488, 1990. 

Kawa, S. R., D. W. Fahey, K. K. Kelly, J. E. Dye, D. Baum- 
gardner, B. W. Gandrud, M. Loewenstein, G. V. Ferry, and 
K. R. Chan, The Arctic polar stratospheric cloud aerosol: 



310 ß Solomon: STRATOSPHERIC OZONE DEPLETION 37, 3 / REVIEWS OF GEOPHYSICS 

Aircraft measurements of reactive nitrogen, total water, 
and particles, J. Geophys. Res., 97, 7925-7938, 1992. 

Kawa, S. R., et al., Activation of chlorine in sulfate aerosol as 
inferred from aircraft observations, J. Geophys. Res., 102, 
3921-3933, 1997. 

Keim, E. R., et al., Observations of large reductions in the 
NO/NOy ratio near the mid-latitude tropopause and the 
role of heterogeneous chemistry, Geophys. Res. Lett., 23, 
3223-3226, 1996. 

Kelly, K. K., et al., Dehydration in the lower Antarctic strato- 
sphere during late winter and early spring, 1987, J. Geophys. 
Res., 94, 11,317-11,357, 1989. 

Khattatov, V., V. Yushkov, M. Khaplanov, I. Zaitzev, J. Rosen, 
and N. Kjome, Some results of water vapor, ozone and 
aerosol balloon-borne measurements during EASOE, Geo- 
phys. Res. Lett., 21, 1299-1302, 1994. 

Kirchhoff, V. W. J. H., N.J. Schuch, K. K. Pinheiro, and J. M. 
Harris, Evidence for an ozone hole perturbation at 30 ø 
South, Atmos. Environ., 30, 1481-1488, 1996. 

Kirchhoff, V. W. J. H., C. A. R. Casiccia, S. Zamorano B., and 
F. Zamorano B., The ozone hole over Punta Arenas, Chile, 
J. Geophys. Res., 102, 8945-8953, 1997a. 

Kirchhoff, V. W. J. H., Y. Sahai, C. A. R. Casiccia S., F. 
Zamorano B., and V. Valderrama V., Observations of the 
1995 ozone hole over Punta Arenas, Chile, J. Geophys. Res., 
102, 16,109-16,120, 1997b. 

Knight, J. R., J. Austin, R. G. Grainger, and A. Lambert, A 
three-dimensional model simulation of the impact of Mt. 
Pinatubo aerosol on the Antarctic ozone hole, Q. J. R. 
Meteor. Soc., 124, 1527-1558, 1998. 

Ko, M. K. W., and N. D. Sze, Effect of recent rate data 
revisions on stratospheric modeling, Geophys. Res. Lett., 10, 
341-344, 1983. 

Ko, M. K. W., J. M. Rodrigues, N. D. Sze, M. H. Proffitt, W. L. 
Starr, A. Krueger, E. V. Browell, and M.P. McCormick, 
Implications of AAOE observations for proposed chemical 
explanations of the seasonal and interannual behavior of 
Antarctic ozone, J. Geophys. Res., 94, 16,705-16,715, 1989. 

Koike, M., N. B. Jones, W. A. Matthews, P. V. Johnston, R. L. 
McKenzie, D. Kinnison, and J. Rodriguez, Impact of Pina- 
tubo aerosols on the partitioning between NO 2 and HNO3, 
Geophys. Res. Lett., 21,597-600, 1994. 

Komhyr, W. D., R. D. Grass, and R. K. Leonard, Total ozone 
decrease at South Pole, Antarctica, 1964-1985, Geophys. 
Res. Lett., 13, 1248-1251, 1986. 

Kondo, Y., U. Schmidt, T. Sugita, P. Aimendieu, M. Koike, H. 
Ziereis, and Y. Iwasaka, Total reactive nitrogen, N20 and 
ozone in the winter Arctic stratosphere, Geophys. Res. Lett., 
21, 1247-1250, 1994. 

Koop, T., U. M. Biermann, W. Raber, B. P. Luo, P. J. Crutzen, 
and T. Peter, Do stratospheric aerosols freeze above the ice 
frost point?, Geophys. Res. Lett., 22, 917-920, 1995. 

Koop, T., K. S. Carslaw, and T. Peter, Thermodynamic stability 
and phase transitions of PSC particles, Geophys. Res. Lett., 
24, 2199-2202, 1997. 

Kreher, K., J. G. Keys, P. V. Jonston, U. Platt, and X. Liu, 
Ground-based measurements of OC10 and HC1 in austral 

spring 1993 at Arrival Heights, Antarctica, Geophys. Res. 
Lett., 23, 1545-1548, 1996. 

Larsen, N., B. M. Knudsen, J. M. Rosen, N. T. Kjome, R. 
Neuber, and E. Kryo, Temperature histories in liquid and 
solid polar stratospheric cloud formation, J. Geophys. Res., 
102, 23,505-23,517, 1997. 

Lary, D. J., Gas phase bromine photochemistry, J. Geophys. 
Res., 101, 1505-1516, 1996. 

Lary, D. J., M.P. Chipperfield, R. Toumi, and T. Lenton, 
Heterogeneous atmospheric bromine chemistry, J. Geophys. 
Res., 101, 1489-1504, 1996. 

Lary, D. J., A.M. Lee, R. Toumi, M. J. Newchurch, M. Pirre, 

and J. B. Renard, Carbon aerosols and atmospheric photo- 
chemistry, J. Geophys. Res., 102, 3671-3682, 1997. 

Lehmann, P., D. J. Karoly, P. A. Newman, T. S. Clarkson, and 
W. A. Matthews, An investigation into the causes of strato- 
spheric ozone loss in the southern australasian region, Geo- 
phys. Res. Lett., 19, 1463-1466, 1992. 

Leu, M.-T., Laboratory studies of sticking coefficients and 
heterogeneous reactions important in the Antarctic strato- 
sphere, Geophys. Res. Lett., 15, 17-20, 1988. 

Lipson, J. B., M. J. Elrod, T. W. Beiderhase, L. T. Molina, and 
M. J. Molina, Temperature dependence of the rate constant 
and branching ratio for the OH + C10 reaction, J. Chem. 
Soc. Faraday Trans., 93, 2665-2673, 1997. 

Loewenstein, M., J. R. Podolske, K. R. Chan, and S. E. 
Strahan, Nitrous oxide as a dynamical tracer in the 1987 
Airborne Antarctic Ozone Experiment, J. Geophys. Res., 94, 
11,589-11,598, 1989. 

Lutman, E. R., R. Toumi, R. L. Jones, D. J. Lary, and J. A. 
Pyle, Box model studies of C1Ox de activation and ozone loss 
during the 1991/92 Northern Hemisphere winter, Geophys. 
Res. Lett., 21, 1415-1418, 1994a. 

Lutman, E. R., J. A. Pyle, R. L. Jones, D. J. Lary, A. R. 
MacKenzie, I. Kilbane-Dawe, N. Larsen, and B. Knudsen, 
Trajectory model studies of C1Ox activation during the 
1991/92 Northern Hemisphere winter, Geophys. Res. Lett., 
21, 1419-1422, 1994b. 

Lutman, E. R., J. A. Pyle, M.P. Chipperfield, D. J. Lary, I. 
Kilbane-Dawe, J. W. Waters, and N. Larsen, Three-dimen- 
sional studies of the 1991/1992 Northern Hemisphere win- 
ter using domain-filling trajectories with chemistry, J. Geo- 
phys. Res., 102, 1479-1488, 1997. 

MacKenzie, A. R., M. Kulmala, A. Laaksonen, and T. Vesala, 
On the theories of type I polar stratospheric cloud forma- 
tion, J. Geophys. Res., 100, 11,275-11,288, 1995. 

MacKenzie, I. A., R. S. Harwood, L. Froidevaux, W. G. Read, 
and J. W. Waters, Chemical loss of polar vortex ozone 
inferred from UARS MLS measurements of C10 during the 
Arctic and Antarctic late winters of 1993, J. Geophys. Res., 
101, 14,505-14,518, 1996. 

Mahlman, J. D., and S. B. Fels, Antarctic ozone decreases: A 
dynamical cause?, Geophys. Res. Lett., 13, 1316-1319, 1986. 

Mankin, W. G., M. T. Coffey, A. Goldman, M. R. Schoeberl, 
L. R. Lait, and P. A. Newman, Airborne measurements of 
stratospheric constituents over the Arctic in the winter of 
1989, Geophys. Res. Lett., 17, 473-476, 1990. 

Mankin, W. G., M. T. Coffey, and A. Goldman, Airborne 
observations of SO2, HC1, and 03 in the stratospheric 
plume of the Pinatubo volcano in July 1991, Geophys. Res. 
Lett., 19, 179-182, 1992. 

Manney, G. L., et al., Chemical depletion of ozone in the 
Arctic lower stratosphere during winter 1992-93, Nature, 
370, 429-434, 1994a. 

Manney, G. L., R. W. Zurek, A. O'Neill, and R. Swinbank, On 
the motion of air through the stratospheric polar vortex, J. 
Atmos. Sci., 51, 2973-2994, 1994b. 

Manney, G. L., et al., Lagrangian transport calculations using 
UARS data, I, Passive tracers, J. Atmos. Sci., 52, 3049-3068, 
1995a. 

Manney, G. L., R. W. Zurek, L. Froidevaux, J. W. Waters, A. 
O'Neill, and R. Swinbank, Lagrangian transport calcula- 
tions using UARS data, II, Ozone, J. Atmos. Sci., 52, 3069- 
3081, 1995b. 

Manney, G. L., R. W. Zurek, L. Foidevaux, and J. W. Waters, 
Evidence for Arctic ozone depletion in late February and 
early March 1994, Geophys. Res. Lett., 22, 2941-2944, 1995c. 

Manney, G. L., M. L. Santee, L. Froidevaux, J. W. Waters, and 
R. W. Zurek, Polar vortex conditions during the 1995-96 
Arctic winter: Meteorology and MLS ozone, Geophys. Res. 
Lett., 23, 3203-3206, 1996. 



37, 3 / REVIEWS OF GEOPHYSICS Solomon: STRATOSPHERIC OZONE DEPLETION ß 311 

Manney, G. L., L. Froidevaux, M. L. Santee, R. W. Zurek, and 
J. W. Waters, MLS observations of Arctic ozone loss in 
1996-97, Geophys. Res. Lett., 24, 2697-2700, 1997. 

Materer, N., U. Starke, A. Barbieri, M. A. Van Hove, G. A. 
Somojai, G. J. Kroes, and C. Minot, Molecular surface 
structure of Ice(0001): Dynamical low energy electron dif- 
fraction total-energy calculations and molecular dynamics 
simulations, Su• Sci., 381, 190-210, 1997. 

McCormack, J.P., and L. L. Hood, Modeling the spatial 
distribution of total ozone in Northern Hemisphere winter: 
1979-1991, J. Geophys. Res., 102, 13,711-13,717, 1997. 

McCormick, M.P., H. M. Steele, P. Hamill, W. P. Chu, and 
T. J. Swissler, Polar stratospheric cloud sightings by SAM 
II, J. ,4tmos. Sci., 39, 1387-1397, 1982. 

McCormick, M.P., R. E. Veiga, and W. P. Chu, Stratospheric 
ozone profile and total ozone trends derived from the 
SAGE I and SAGE II data, Geophys. Res. Lett., 19, 269- 
272, 1992. 

McCormick, M.P., L. W. Thomason, and C. R. Trepte, At- 
mospheric effects of the Mt. Pinatubo eruption, Nature, 
373, 399-404, 1995. 

McElroy, M. B., R. J. Salawitch, S.C. Wofsy, and J. A. Logan, 
Reductions of Antarctic ozone due to synergistic interac- 
tions of chlorine and bromine, Nature, 321,759-762, 1986. 

McElroy, M. B., R. J. Salawitch, and K. Minschwaner, The 
changing stratosphere, Planet. Space Sci., 40, 373-401, 
1992. 

McGee, T. J., P. Newman, M. Gross, U. Singh, S. Godin, A.-M. 
Lacoste, and G. M6gie, Correlation of ozone loss with the 
presence of volcanic aerosols, Geophys. Res. Lett., 21, 2801- 
2804, 1994. 

McKenna, D. S., R. L. Jones, L. R. Poole, S. Solomon, W. H. 
Brune, D. W. Fahey, K. K. Kelly, M. Loewenstein, and 
K. R. Chan, Calculations of ozone destruction during the 
1988/89 Arctic winter, Geophys. Res. Lett., 17, 553-556, 
1990. 

McKenzie, R. L., and P. V. Johnston, Springtime stratospheric 
NO 2 in Antarctica, Geophys. Res. Lett., 11, 73-75, 1984. 

McPeters, R. D., and G. J. Labow, An assessment of the 
accuracy of 14.5 years of Nimbus 7 TOMS version 7 ozone 
data by comparison with the Dobson network, Geophys. 
Res. Lett., 23, 3695-3698, 1996a. 

McPeters, R. D., S. M. Hollandsworth, L. E. Flynn, J. R. 
Herman, and C. J. Seftor, Long-term ozone trends derived 
from the 16-year combined Nimbus 7/Meteor 3 TOMS 
version 7 record, Geophys. Res. Lett., 23, 3699-3702, 1996b. 

Meilinger, S. K., T. Koop, B. P. Luo, T. Huthwelker, K. S. 
Carslaw, U. Krieger, P. J. Crutzen, and T. Peter, Size- 
dependent stratospheric droplet composition in leewave 
temperature fluctuations and their potential role in PSC 
freezing, Geophys. Res. Lett., 22, 3031-3034, 1995. 

Michelangeli, D. V., M. Allen, and Y. L. Yung, E1 Chich6n 
volcanic aerosols: Impact of radiative, thermal, and chem- 
ical perturbations, J. Geophys. Res., 94, 18,429-18,443, 1989. 

Michelsen, H. A., et al., Stratospheric chlorine partitioning: 
Constraints from shuttle-borne measurements of [HC1], 
[C1NO3] and [C10], Geophys. Res. Lett., 23, 2361-2364, 
1996. 

Michelsen, H. A., C. M. Spivakovsky, and S.C. Wofsy, Aero- 
sol-mediated partitioning of stratospheric Cly and NOy at 
temperatures above 200' K, Geophys. Res. Lett., 26, 299-302, 
1999. 

Miller, A. J., G. C. Tiao, G. C. Reinsel, D. Wuebbles, L. 
Bishop, J. Kerr, R. M. Nagatani, J. J. DeLuisi, and C. L. 
Mateer, Comparisons of observed ozone trends in the 
stratosphere through examinations of Umkehr and balloon 
ozonesonde data, J. Geophys. Res., 100, 11,209-11,217, 
1995. 

Mills, M. J., A. O. Langford, T. J. O'Leary, K. Arpag, H. L. 

Miller, M. H. Proffitt, R. W. Sanders, and S. Solomon, On 
the relationship between stratospheric aerosols and nitro- 
gen dioxide, Geophys. Res. Lett., 20, 1187-1190, 1993. 

Molina, L. T., and M. J. Molina, Production of C1202 from the 
self-reaction of the C10 radical, J. Phys. Chem., 91, 433- 
436, 1987. 

Molina, M. J., and F. S. Rowland, Stratospheric sink for 
chlorofluoromethanes: Chlorine atom catalyzed destruction 
of ozone, Nature, 249, 820-812, 1974. 

Molina, M. J., T-L. Tso, L. T. Molina, and F. C.-Y. Wang, 
Antarctic stratospheric chemistry of chlorine nitrate, hydro- 
gen chloride, and ice: Release of active chlorine, Science, 
238, 1253-1257, 1987. 

Molina, M. J., R. Zhang, P. J. Wooldridge, J. R. McMahon, 
J. E. Kim, H. Y. Chang, and K. D. Beyer, Physical chemistry 
of the H2SO4/HNO3/H20 system: Implications for polar 
stratospheric clouds, Science, 261, 1418-1423, 1993. 

Montzka, S. A., J. H. Butler, R. C. Myers, T. M. Thompson, 
T. H. Swanson, A.D. Clarke, L. T. Lock, and J. W. Elkins, 
Decline in the tropospheric abundance of halogen from 
halocarbons: Implications for stratospheric ozone deple- 
tion, Science, 272, 1318-1322, 1996. 

Mount, G. H., R. W. Sanders, A. L. Schmeltekopf, and S. 
Solomon, Visible spectroscopy at McMurdo Station, Ant- 
arctica, 1, Overview and daily variations of NO 2 and 03 
during austral spring, 1986, J. Geophys. Res., 92, 8320-8328, 
1987. 

Mozurkewich, M., and J. G. Calvert, Reaction probability of 
N205 on aqueous aerosols, J. Geophys. Res., 93, 15,889- 
15,896, 1988. 

M/iller, R., P. J. Crutzen, J-U. Grooss, C. Br/ihl, J. M. Russell 
III, and A. F. Tuck, Chlorine activation and ozone deple- 
tion in the Arctic vortex: Observations by the Halogen 
Occultation Experiment on the Upper Atmosphere Re- 
search Satellite, J. Geophys. Res., 101, 12,531-12,554, 1996. 

M/iller, R., P. J. Crutzen, J-U. Grooss, C. Br/ihl, J. M. Russell 
III, H. Gernandt, D. S. McKenna, and A. F. Tuck, Severe 
chemical ozone loss in the Arctic during the winter of 
1995-96, Nature, 389, 709-712, 1997a. 

M/iller, R., J-U. Grooss, D. S. McKenna, P. J. Crutzen, C. 
Br/ihl, J. M. Russell III, and A. F. Tuck, HALOE observa- 
tions of the vertical structure of chemical ozone depletion 
in the Arctic vortex during winter and early spring 1996- 
1997, Geophys. Res. Lett., 24, 2717-2720, 1997b. 

M/iller, R., R. J. Salawitch, P. J. Crutzen, W. A. Lahoz, G. L. 
Manney, and R. Tuomi, Upper stratospheric processes, in 
Scientific Assessment of Ozone Depletion: 1998, Rep. 44, pp. 
6.1-6.4, World Meteorol. Organ./U. N. Environ. Pro- 
gramme, Geneva, 1999. 

Murcray, D. G., D. B. Barker, J. N. Brooks, A. Goldman, and 
W. J. Williams, Seasonal and latitudinal variation of the 
stratospheric concentration of HNO3, Geophys. Res. Lett., 2, 
223-225, 1975. 

Murphy, D. M., Ozone loss rates calculated along ER-2 flight 
tracks, J. Geophys. Res., 96, 5045-5053, 1991. 

Murphy, D. M., and A. R. Ravishankara, Temperature aver- 
ages and rates of stratospheric reactions, Geophys. Res. 
Lett., 21, 2471-2474, 1994. 

Murphy, D. M., D. S. Thomson, and M. J. Mahoney, In situ 
measurements of organics, meteoritic material, mercury, 
and other elements in aerosols at 5 to 19 kilometers, Sci- 
ence, 282, 1664-1669, 1998. 

Nagatani, R. M., A. J. Miller, M. E. Gelman, and P. A. 
Newman, A comparison of Arctic lower stratospheric win- 
ter temperatures for 1988-89 with temperatures since 1964, 
Geophys. Res. Lett., 17, 333-336, 1990. 

Newman, P. A., Antarctic total ozone in 1958, Science, 264, 
543-546, 1994. 

Newman, P. A., and W. J. Randel, Coherent ozone-dynamical 



312 ß Solomon: STRATOSPHERIC OZONE DEPLETION 37, 3 / REVIEWS OF GEOPHYSICS 

changes during the Southern Hemisphere spring, 1979- 
1986, J. Geophys. Res., 93, 12,585-12,606, 1988. 

Newman, P. A., J. G. Gleason, R. D. McPeters, and R. S. 
Solarski, Anomalously low ozone over the Arctic, Geophys. 
Res. Lett., 24, 2689-2692, 1997. 

Noxon, J. F., Stratospheric NO2 in the Antarctic winter, Geo- 
phys. Res. Lett., 5, 1021-1022, 1978. 

Noxon, J. F., Stratospheric NO2, 2, Global behavior, J. Geo- 
phys. Res., 84, 5067-5076, 1979. 

Oelhaf, H., T. von Clarmann, H. Fischer, F. Friedl-Vallon, C. 
Fritzsche, A. Linden, C. Piesch, M. Seefeldner, and W. 
V61ker, Stratospheric C1ONO2 and HNO 3 profiles inside 
the Arctic vortex from MIPAS-B limb emission spectra 
obtained during EASOE, Geophys. Res. Lett., 21, 1263- 
1266, 1994. 

Ozone Trends Panel (OTP), Report of the international ozone 
trends panel, WMO Rep. 18, World Meteorol. Organ., Ge- 
neva, 1988. 

Parrish, A., R. L. de Zafra, P.M. Solomon, J. W. Barrett, and 
E. R. Carlson, Chlorine oxide in the stratospheric ozone 
layer: Ground-based detection and measurement, Science, 
211, 1158-1161, 1981. 

Parrish, A., R. L. de Zafra, M. Jaramillo, B. Connor, P.M. 
Solomon, and J. W. Barrett, Extremely low N20 concen- 
trations in the springtime stratosphere at McMurdo Station, 
Antarctica, Nature, 332, 53-55, 1988. 

Perrier, D.• A. Roth, and T. Kl•ipfel, Groundbased measure- 
ments of stratospheric OC10, NO2 and 03 at S0ndre 
Str0mfjord in winter 1991/92, Geophys. Res. Lett., 21, 1367- 
1370, 1994. 

Peter, T., Microphysics and heterogeneous chemistry of polar 
stratospheric clouds, Annu. Rev. Phys. Chem., 48, 785-822, 
1997. 

Pfeilsticker, K., and U. Platt, Airborne measurements during 
the Arctic Stratospheric Experiment: Observations of 03 
and NO•., Geophys. Res. Lett., 21, 1375-1378, 1994. 

Pierce, R. B., W. L. Grose, J. M. Russell III, A. F. Tuck, R. 
Swinbank, and A. O'Neill, Spring dehydration in the Ant- 
arctic stratospheric vortex observed by HALOE, J. Atmos. 
Sci., 51, 2931-2941, 1994. 

Pitari, G., and V. Rizi, An estimate of the chemical and 
radiative perturbation of stratospheric ozone following the 
eruption of Mt. Pinatubo, J. Atmos. Sci., 50, 3260-3276, 
1993. 

Pitari, G., G. Visconti, and M. Verdecchia, Global ozone 
depletion and the Antarctic ozone hole, J. Geophys. Res., 97, 
8075-8082, 1992. 

Plumb, R. A., and M. K. W. Ko, Interrelationships between 
mixing ratios of long-lived stratospheric constituents, J. 
Geophys. Res., 97, 10,145-10,156, 1992. 

Pommereau, J-P., and J. Piquard, Observations of the vertical 
distribution of stratospheric OC10, Geophys. Res. Lett., 21, 
1231-1234, 1994a. 

Pommereau, J-P., and J. Piquard, Ozone and nitrogen dioxide 
vertical distributions by UV-visible solar occultation from 
balloons, Geophys. Res. Lett., 2l, 1227-1230, 1994b. 

Poole, L. R., and M.P. McCormick, Polar stratospheric clouds 
and the Antarctic ozone hole, J. Geophys. Res., 93, 8423- 
8430, 1988a. 

Poole, L. R., and M.P. McCormick, Airborne lidar observa- 
tions of Arctic polar stratospheric clouds: Indications of two 
distinct growth stages, Geophys. Res. Lett., 15, 21-23, 1988b. 

Poole, L. R., M. T. Osborn, and W. H. Hunt, Lidar observa- 
tions of Arctic polar stratospheric clouds, 1988: Signature of 
small, solid particles above the frost point, Geophys. Res. 
Lett., 15, 867-870, 1988. 

Portmann, R. W., S. Solomon, R. R. Garcia, L. W. Thomason, 
L. R. Poole, and M.P. McCormick, Role of aerosol varia- 

tions in anthropogenic ozone depletion in polar regions, J. 
Geophys. Res., 101, 22,991-23,006, 1996. 

Prather, M., More rapid polar ozone depletion through the 
reaction of HOC1 with HC1 on polar statospheric clouds, 
Nature, 355, 534-537, 1992a. 

Prather, M., Catastrophic loss of stratospheric ozone in dense 
volcanic clouds, J. Geophys. Res., 97, 10,187-10,191, 1992b. 

Prather, M., M. M. Garcia, R. Suozzo, and D. Rind, Global 
impact of the Antarctic ozone hole: Dynamical dilution 
with a three-dimensional chemical transport model, J. Geo- 
phys. Res., 95, 3449-3471, 1990. 

Prather, M., P. Midley, F. S. Rowland, and R. Stolarski, The 
ozone layer: The road not taken, Nature, 381, 551-554, 
1996. 

Prinn, R. G., R. F. Weiss, B. R. Miller, J. Huang, F. N. Alyea, 
D. M. Cunnold, P. J. Fraser, D. E. Hartley, and P. G. 
Simmonds, Atmospheric trends and lifetime of CH3CC13 
and global OH concentrations, Science, 269, 187-192, 1995. 

Proffitt, M. H., K. Aikin, J. J. Margitan, M. Loewenstein, J. R. 
Podolske, A. Weaver, K. R. Chart, H. Fast, and J. W. Elkins, 
Ozone loss inside the northern polar vortex during the 
1991-1992 winter, Science, 261, 1150-1154, 1993. 

Pueschel, R. F., et al., Condensed nitrate, sulfate, and chloride 
in Antarctic statospheric aerosols, J. Geophys. Res., 94, 
11,271-11,284, 1989. 

Pyle, J. A., G. Carver, J. L. Grenfell, J. A. Kettleborough, and 
D. J. Lary, Ozone loss in Antarctica: The implications for 
global change, Philos. Trans. R. Soc. London, Ser. B, 338, 
219-226, 1992. 

Pyle, J. A., M.P. Chipperfield, I. Kilbane-Dawe, A.M. Lee, 
R. M. Stimpfie, D. Kohn, W. Renger, and J. W. Waters, 
Early modelling results from the SESAME and ASHOE 
campaigns, Faraday Discuss. Chem. Soc., 100, 371-387, 
1995. 

Randel, W. J., and J. B. Cobb, Coherent variations of monthly 
mean total ozone and lower stratospheric temperature, J. 
Geophys. Res., 99, 5433-5447, 1994. 

Randel, W. J., and F. Wu, Cooling of the Arctic and Antarctic 
polar stratospheres due to ozone depletion, J. Climate, 12, 
1467-1479, 1999. 

Randeniya, L. K., P. F. Vohralik, I. C. Plumb, and K. R. Ryan, 
Heterogeneous BrONO 2 hydrolysis: Effect on NO 2 col- 
umns and ozone at high latitudes in summer, J. Geophys. 
Res., 102, 23,543-23,557, 1997. 

Ravishankara, A. R., and D. R. Hanson, Differences in the 
reactivity of type 1 PSC's depending on their phase, J. 
Geophys. Res., 101, 3885-3890, 1996. 

Ravishankara, A. R., et al., Lower stratospheric processes, in 
Scientific Assessment of Ozone Depletion: 1998, Rep. 44, pp. 
7.1-7.76, World Meteorol. Organ./U. N. Environ. Pro- 
gramme, Geneva, 1999. 

Reed, R. J., The role of vertical motions in ozone-weather 
relationships, J. Meteorol., 7, 263-267, 1950. 

Rex, M., et al., Prolonged stratospheric ozone loss in the 
1995-96 Arctic winter, Nature, 389, 835-838, 1997. 

Rex, M., et al., In situ measurements of stratospheric ozone 
depletion rates in the Arctic winter 1991/1992: A Lagrang- 
ian approach, J. Geophys. Res., 103, 5843-5853, 1998. 

Ridley, B. A., M. McFarland, A. L. Schmeltekopf, M. H. 
Proffitt, D. L. Albritton, R. H. Winkler, and T. L. Thomp- 
son, Seasonal differences in the vertical distributions of NO, 
NO2, and 03 in the stratosphere near 50øN, J. Geophys. 
Res., 92, 11,919 -11,929, 1987. 

Rinsland, C. P., M. R. Gunson, M. C. Abrams, L. L. Lowes, R. 
Zander, E. Mahieu, A. Goldman, M. K. W. Ko, J. M. 
Rodriguez, and N. D. Sze, Heterogeneous conversion of 
N205 to HNO 3 in the post-Mount Pinatubo eruption 
stratosphere, J. Geophys. Res., 99, 8213-8219, 1994. 

Rinsland, C. P., et al., ATMOS measurements of H20 + 2CH 4 



37, 3 / REVIEWS OF GEOPHYSICS Solomon: STRAIOSPHERIC OZONE DEPLETION ß 313 

and total reactive nitrogen in the November 1994 Antarctic 
stratosphere: Dehydration and denitrification in the vortex, 
Geophys. Res. Lett., 23, 2397-2400, 1996. 

Robinson, G. N., D. R. Worsnop, J. T. Jayne, C. E. Kolb, and 
P. Davidovits, Heterogeneous uptake of C1ONO 2 and N20 5 
by sulfuric acid solutions, J. Geophys. Res., 102, 3583-3601, 
1997. 

Robinson, G. N., D. R. Worsnop, J. T. Jayne, C. E. Kolb, E. 
Swartz, and P. Davidovits, Heterogeneous uptake of HC1 by 
sulfuric acid solutions, J. Geophys. Res., 103, 25,371-25,381, 
1998. 

Roche, A. E., et al., Observations of lower-stratospheric 
C1ONO2, HNO3, and aerosol by the UARS, CLAES exper- 
iment between January 1992 and April 1993, J. Atmos. Sci., 
51, 2877-2902, 1994. 

Rodriguez, J. M., et al., Nitrogen and chlorine species in the 
spring Antarctic stratosphere: Comparison of models with 
Airborne Antarctic Ozone Experiment observations, J. 
Geophys. Res., 94, 16,683-16,703, 1989. 

Rodriguez, J. M., M. K. W. Ko, and N. D. Sze, The role of 
chlorine chemistry in Antarctic ozone loss: Implications of 
new kinetic data, Geophys. Res. Lett., 17, 255-258, 1990. 

Rodriguez, J. M., M. K. W. Ko, and N. D. Sze, Role of 
heterogeneous conversion of N205 on sulphate aerosols in 
global ozone losses, Nature, 352, 134-137, 1991. 

Rodriguez, J. M., M. K. W. Ko, N. D. Sze, C. W. Helsey, G. K. 
Yue, and M.P. McCormick, Ozone response to enhanced 
heterogeneous processing after the eruption of Mt. Pina- 
tubo, Geophys. Res. Lett., 21,209-212, 1994. 

Rogaski, C. A., D. M. Golden, and L. R. Williams, Reactive 
uptake and hydration experiments on amorphous carbon 
treated with NO2, SO2, 03, HNO3, and H2SO4, Geophys. 
Res. Lett., 24, 381-384, 1997. 

Roscoe, H. K., A. E. Jones, and A.M. Lee, Midwinter start to 
Antarctic ozone depletion: Evidence from observations and 
models, Science, 278, 93-96, 1997. 

Rosen, J. M., S. J. Oltmans, and W. F. Evans, Balloon borne 
observations of PSCs, frost point, ozone and nitric acid in 
the north polar vortex, Geophys. Res. Lett., 16, 791-794, 
1989. 

Rowland, F. S., and M. J. Molina, Chlorofluoromethanes in 
the environment, Rev. Geophys., 13, 1-35, 1975. 

Rowland, F. S., J. E. Spencer, and M. J. Molina, Stratospheric 
formation and photolysis of chlorine nitrate, J. Phys. Chem., 
80, 2711-2713, 1976. 

Russell, J. M., III, A. F. Tuck, L. L. Gordley, J. H. Park, S. R. 
Drayson, J. E. Harries, R. J. Cicerone, and P. J. Crutzen, 
HALOE Antarctic observations in the spring of 1991, Geo- 
phys. Res. Lett., 20, 719-722, 1993. 

Russell, J. M., III, M. Luo, R. J. Cicerone, and L. E. Deaver, 
Satellite confirmation of the dominance of chlorofluorocar- 

bons in the global stratospheric chlorine budget, Nature, 
379, 526-529, 1996. 

Salawitch, R. J., G. P. Gobbi, S.C. Wofsy, and M. B. McElroy, 
Denitrification in the Antarctic stratosphere, Nature, 339, 
525-527, 1989. 

Salawitch, R. J., et al., Loss of ozone in the Arctic vortex for 
the winter of 1989, Geophys. Res. Lett., 17, 561-564, 1990. 

Salawitch, R. J., et al., Chemical loss of ozone in the Arctic 
polar vortex in the winter of 1991-1992, Science, 261, 1146- 
1149, 1993. 

Salawitch, R. J., et al., The diurnal variation of hydrogen, 
nitrogen, and chlorine radicals: Implications for the heter- 
ogeneous production of HNO2, Geophys. Res. Lett., 21, 
2551-2554, 1994. 

Sander, S. P., R. R. Friedl, and Y. L. Yung, Rate of formation 
of the C10 dimer in the polar stratosphere: Implications for 
ozone loss, Science, 245, 1095-1098, 1989. 

Sanders, R. W., S. Solomon, J.P. Smith, L. Perliski, H. L. 

Miller, J. G. Keys, and A. L. Schmeltekopf, Visible and 
near-ultraviolet spectroscopy at McMurdo Station, Antarc- 
tica, 9, Observations of OC10 from April to October 1991, 
J. Geophys. Res., 98, 7219-7228, 1993. 

Santee, M. L., W. G. Read, J. W. Waters, L. Froidevaux, G. L. 
Manney, D. A. Flower, R. F. Jarnot, R. S. Harwood, and 
G. E. Peckham, Interhemispheric differences in polar 
stratospheric HNO3, H20, C10, and 03, Science, 267, 849- 
852, 1995. 

Santee, M. L., G. L. Manney, W. G. Read, L. Foidevaux, and 
J. W. Waters, Polar vortex conditions during the 1995-96 
Arctic winter: MLS C10 and HNO3, Geophys. Res. Lett., 23, 
22, 3207-3210, 1996. 

Santee, M. L., G. L. Manney, L. Froidevaux, R. W. Zurek, and 
J. W. Waters, MLS observations of C10 and HNO3 in the 
1996-97 Arctic polar vortex, Geophys. Res. Lett., 24, 2713- 
2716, 1997. 

Santee, M. L., A. Tabazadeh, G. L. Manney, R. J. Salawitch, L. 
Froidevaux, W. G. Read, and J. W. Waters, UARS Micro- 
wave Limb Sounder HNO 3 observations: Implications for 
Antarctic polar stratospheric clouds, J. Geophys. Res., 103, 
13,285-13,313, 1998. 

Santee, M. L., G. L. Manney, L. Froidevaux, W. G. Read, and 
J. W. Waters, Six years of UARS microwave limb sounder 
HNO 3 observations: Seasonal, interhemispheric, and inter- 
annual variations in the lower stratosphere, J. Geophys. 
Res., in press, 1999. 

Schauffler, S. M., L. E. Heidt, W. H. Pollock, T. M. Gilpin, J. F. 
Vedder, S. Solomon, R. A. Lueb, E. L. Atlas, Measure- 
ments of halogenated organic compounds near the tropical 
tropopause, Geophys. Res. Lett., 20, 2567-2570, 1993. 

Schiller, C., A. Wahner, U. Platt, H-P. Dom, J. Callies, and 
D. H. Ehhalt, Near UV atmospheric absorption measure- 
ments of column abundances during Airborne Arctic 
Stratospheric Expedition, January-February 1989, 2, OC10 
observations, Geophys. Res. Lett., 17, 501-504, 1990. 

Schmidt, U., and A. Khedim, In situ measurements of carbon 
dioxide in the winter Arctic vortex and at mid-latitudes: An 

indicator of the age of stratospheric air, Geophys. Res. Lett., 
18, 763-766, 1991. 

Schoeberl, M. R., and D. L. Hartmann, The dynamics of the 
polar vortex, Science, 251, 46-52, 1991. 

Schoeberl, M. R., L. R. Lait, M. H. Proffitt, K. K. Kelly, M. 
Loewenstein, J. R. Podolske, S. E. Strahan, P. A. Newman, 
and J. E. Rosenfield, Stratospheric constituent trends from 
ER-2 profile data, Geophys. Res. Lett., 17, 469-472, 1990. 

Schoeberl, M. R., L. R. Lait, P. A. Newman, and J. E. Rosen- 
field, The structure of the polar vortex, J. Geophys. Res., 97, 
7859-7882, 1992a. 

Schoeberl, M. R., P. K. Bhartia, and J. R. Herman, Tropical 
ozone loss following the eruption of Mt. Pinatubo, Geophys. 
Res. Lett., 20, 29-32, 1992b. 

Schoeberl, M. R., A. R. Douglass, R. S. Stolarski, D. Toohey, 
L. Availone, J. G. Anderson, W. Brune, D. W. Fahey, and 
K. Kelly, The evolution of C10 and NO along air parcel 
trajectories, Geophys. Res. Lett., 20, 2511-2514, 1993a. 

Schoeberl, M. R., R. S. Stolarski, A. R. Douglass, P. A. 
Newman, L. R. Lait, J. W. Waters, L. Froidevaux, and 
W. G. Ready, MLS C10 observations and the Arctic polar 
vortex temperatures, Geophys. Res. Lett., 20, 2861-2864, 
1993b. 

Schoeberl, M. R., M. Luo, and J. E. Rosenfield, An analysis of 
the Antarctic Halogen Occultation Experiment trace gas 
observations, J. Geophys. Res., 100, 5159-5172, 1995. 

Schoeberl, M. R., A. R. Douglass, S. R. Kawa, A. E. Dessler, 
P. A. Newman, R. S. Stolarski, A. E. Roche, J. W. Waters, 
and J. M. Russell III, Development of the Antarctic ozone 
hole, J. Geophys. Res., 101, 20,909-20,924, 1996. 



314 ß Solomon: STRATOSPHERIC OZONE DEPLETION 37, 3 / REVIEWS OF GEOPHYSICS 

Scott, R. F., Scott's Last Expedition: The Journals, Carroll and 
Graf, New York, 1996. 

Sen, B., G. C. Toon, G. B. Osterman, J.-F. Blavier, J. J. 
Margitan, R. J. Salawitch, and G. K. Yue, Measurements of 
reactive nitrogen in the stratosphere, J. Geophys. Res., 103, 
3571-3585, 1998. 

Shindell, D. T., J. M. Reeves, L. K. Emmons, and R. L. de 
Zafra, Arctic chlorine monoxide observations during spring 
1993 over Thule, Greenland, and implications for ozone 
depletion, J. Geophys. Res., 99, 25,697-25,704, 1994. 

Shindell, D. T., D. Rind, and P. Lonergan, Increased polar 
stratospheric ozone losses and delayed eventual recovery 
owing to increasing greenhouse-gas concentrations, Nature, 
392, 589 -592, 1998. 

Shine, K. P., On the modelled thermal response of the Ant- 
arctic stratosphere to a depletion of ozone, Geophys. Res. 
Lett., 13, 1331-1334, 1986. 

Slusser, J. R., D. J. Fish, E. K. Strong, and R. L. Jones, Five 
years of NO 2 vertical column measurements at Faraday 
(65øS): Evidence for the hydrolysis of BrONO2 on Pinatubo 
aerosols, J. Geophys. Res., 102, 12,987-12,993, 1997. 

Solomon, S., The mystery of the Antarctic ozone hole, Rev. 
Geophys., 26, 131-148, 1988. 

Solomon, S., and R. R. Garcia, On the distributions of long- 
lived tracers and chlorine species in the middle atmosphere, 
J. Geophys. Res., 89, 11,633-11,644, 1984. 

Solomon, S., R. R. Garcia, F. S. Rowland, and D. J. Wuebbles, 
On the depletion of Antarctic ozone, Nature, 321,755-758, 
1986. 

Solomon, S., G. H. Mount, R. W. Sanders, and A. L. Schmelt- 
ekopf, Visible spectroscopy at McMurdo station, Antarc- 
tica, 2, Observations of OC10, J. Geophys. Res., 92, 8329- 
8338, 1987. 

Solomon, S., G. H. Mount, R. W. Sanders, R. O. Jakoubek, 
and A. L. Schmeltekopf, Observations of the nighttime 
abundance of OC10 in the winter stratosphere above 
Thule, Greenland, Science, 242, 550-555, 1988. 

Solomon, S., R. W. Sanders, R. R. Garcia, and J. G. Keys, 
Increased chlorine dioxide over Antarctica caused by vol- 
canic aerosols from Mount Pinatubo, Nature, 363, 245-248, 
1993. 

Solomon, S., R. R. Garcia, and A. R. Ravishankara, On the 
role of iodine in ozone depletion, J. Geophys. Res., 99, 
20,491-20,499, 1994. 

Solomon, S., R. W. Portmann, R. R. Garcia, L. W. Thomason, 
L. R. Poole, and M.P. McCormick, The role of aerosol 
variations in anthropogenic ozone depletion at northern 
midlatitudes, J. Geophys. Res., 101, 6713-6727, 1996. 

Solomon, S., S. Borrmann, R. R. Garcia, R. Portmann, L. 
Thomason, L. R. Poole, D. Winker, and M.P. McCormick, 
Heterogeneous chlorine chemistry in the tropopause re- 
gion, J. Geophys. Res., 102, 21,411-21,429, 1997. 

Solomon, S., R. W. Portmann, R. R. Garcia, W. Randel, F. 
Wu, R. Nagatani, J. Gleason, L. Thomason, L. R. Poole, 
and M.P. McCormick, Ozone depletion at mid-latitudes: 
Coupling of volcanic aerosols and temperature variability to 
anthropogenic chlorine, Geophys. Res. Lett., 25, 1871-1874, 
1998. 

Sornorjai, G. A., Introduction to Surface Chemistry and Cataly- 
sis, pp. 1-667, John Wiley, New York, 1994. 

Stachnik, R. A., J. C. Hardy, J. A. Tarsala, J. W. Waters, and 
N. R. Erickson, Submillimeter wave heterogyne measure- 
ments of stratospheric C10, HC1, 03, and HO2: First re- 
sults, Geophys. Res. Lett., 19, 1931-1934, 1992. 

Staehelin, J., A. Renaud, J. Bader, R. McPeters, P. Viatte, B. 
Hoegger, V. Bugnion, M. Giroud, and H. Schill, Total 
ozone series at Arosa (Switzerland): Homogenization and 
data comparison, J. Geophys. Res., 103, 5827-5841, 1998a. 

Staehelin, J., R. Kegel, and N. R. P. Harris, Trend analysis of 

the homogenized total ozone series of Aroso (Switzerland), 
1926-1996, J. Geophys. Res., 103, 8389-8399, 1998b. 

Steele, H. M., P. Hamill, M.P. McCormick, and T. J. Swissler, 
The formation of polar stratospheric clouds, J. Atmos. Sci., 
40, 2055-2067, 1983. 

Stefanutti, L., M. Morandi, M. Del Guasta, S. Godin, and C. 
David, Unusual PSC's observed by LIDAR in Antarctica, 
Geophys. Res. Lett., 22, 2377-2380, 1995. 

Stimpfle, R. M., et al., The response of C10 radical concen- 
trations to variations in NO 2 radical concentrations in the 
lower stratosphere, Geophys. Res. Lett., 21, 2543-2546, 
1994. 

Stolarski, R. S., and R. J. Cicerone, Stratospheric chlorine: A 
possible sink for ozone, Can. J. Chem., 52, 1610-1615, 1974. 

Stolarski, R. S., and R. D. Rundel, Fluorine chemistry in the 
stratosphere, Geophys. Res. Lett., 2, 443-446, 1975. 

Stolarski, R. S., A. J. Krueger, M. R. Schoeberl, R. D. Mc- 
Peters, P. A. Newman, and J. C. Alpert, Nimbus 7 satellite 
measurements of the springtime Antarctic ozone decrease, 
Nature, 322, 808-811, 1986. 

Stolarski, R. S., P. Bloomfield, R. D. McPeters, and J. R. 
Herman, Total ozone trends deduced from Nimbus 7 
TOMS data, Geophys. Res. Lett., 18, 1015-1018, 1991. 

Sze, N. D., Stratospheric fluorine: A comparison between 
theory and measurements, Geophys. Res. Lett., 5, 781-783, 
1978. 

Sze, N. D., M. K. W. Ko, D. K. Weisenstein, J. M. Rodriguez, 
R. S. Stolarski, and M. R. Schoeberl, Antarctic ozone hole: 
Possible implications for ozone trends in the Southern 
Hemisphere, J. Geophys. Res., 94, 11,521-11,528, 1989. 

Tabazadeh, A., and O. B. Toon, Freezing behavior of strato- 
spheric sulfate aerosols inferred from trajectory studies, 
Geophys. Res. Lett., 22, 1725-1728, 1995. 

Tabazadeh, A., and O. B. Toon, The presence of metastable 
HNO3/H20 solid phases in the stratosphere inferred from 
ER-2 data, J. Geophys. Res., 101, 9071-9078, 1996. 

Tabazadeh, A., and R. P. Turco, Stratospheric chlorine injec- 
tion by volcanic eruptions: HC1 scavenging and implications 
for ozone, Science, 260, 1082-1086, 1993. 

Tabazadeh, A., R. P. Turco, K. Drdla, M. Z. Jacobson, and 
O. B. Toon, A study of type I polar stratospheric cloud 
formation, Geophys. Res. Lett., 21, 1619-1622, 1994. 

Tabazadeh, A., O. B. Toon, B. L. Gary, J. T. Bacmeister, and 
M. R. Schoeberl, Observational constraints on the forma- 
tion of type Ia polar stratospheric clouds, Geophys. Res. 
Lett., 23, 2109-2112, 1996. 

Thomason, L. W., L. R. Poole, and T. Deshler, A global 
climatology of stratospheric aerosol surface area density 
deduced from Stratospheric Aerosol and Gas Experiment 
II measurements: 1984-1994, J. Geophys. Res., 102, 8967- 
8976, 1997. 

Thompson, D. W. J., and J. M. Wallace, The Arctic oscillation 
signature in the wintertime geopotential height and tem- 
perature fields, Geophys. Res. Lett., 25, 1297-1300, 1998. 

Tie, X. X., and G. Brasseur, The response of stratospheric 
ozone to volcanic eruptions: Sensitivity to atmospheric 
chlorine loading, Geophys. Res. Lett., 22, 3035-3038, 1995. 

Tie, X. X., G. P. Brasseur, B. Briegleb, and C. Granier, 
Two-dimensional simulation of Pinatubo aerosol and its 

effect on stratospheric ozone, J. Geophys. Res., 99, 20,545- 
20,562, 1994. 

Tie, X. X., C. Granier, W. Randel, and G. P. Brasseur, Effects 
of interannual variation of temperature on heterogeneous 
reactions and stratospheric ozone, J. Geophys. Res., 102, 
23,519-23,527, 1997. 

Tolbert, M. A., Sulfate aerosols and polar stratospheric cloud 
formation, Science, 264, 527-528, 1994. 

Tolbert, M. A., Polar clouds and sulfate aerosols, Science, 272, 
1597, 1996. 



37, 3 / REVIEWS OF GEOPHYSICS Solomon: STRATOSPHERIC OZONE DEPLETION ß 315 

Tolbert, M. A., M. J. Rossi, R. Malhotra, and D. M. Golden, 
Reaction of chlorine nitrate with hydrogen chloride and 
water at Antarctic stratospheric temperatures, Science, 238, 
1258-1260, 1987. 

Tolbert, M. A., M. J. Rossi, and D. M. Golden, Heterogeneous 
interactions of chlorine nitrate hydrogen chloride and nitric 
acid with sulfuric acid surfaces at stratospheric tempera- 
tures, Geophys. Res. Lett., 15, 847-850, 1988. 

Toohey, D. W., A critical review of stratospheric chemistry 
research in the U.S.: 1991-1994, U.S. Natl. Rep. Int. Union 
Geod. Geophys. 1991-1994, Rev. Geophys., 33, 759-773, 
1995. 

Toohey, D. W., J. G. Anderson, W. H. Brune, and K. R. Chan, 
In situ measurements of BrO in the Arctic stratosphere, 
Geophys. Res. Lett., 17, 513-516, 1990. 

Toohey, D. W., L. M. Availone, L. R. Lait, P. A. Newman, 
M. R. Schoeberl, D. W. Fahey, E. L. Woodbridge, and J. G. 
Anderson, The seasonal evolution of reactive chlorine in 
the Northern Hemisphere stratosphere, Science, 261, 1134- 
1136, 1993. 

Toon, G. C., C. B. Farmer, L. L. Lowes, P. W. Schaper, J.-F. 
Blavier, and R. H. Norton, Infrared aircraft measurements 
of stratospheric composition over Antarctica during Sep- 
tember 1987, J. Geophys. Res., 94, 16,571-16,596, 1989. 

Toon, G. C., J.-F. Blavier, and J. T. Szeto, Latitude variations 
of stratospheric trace gases, Geophys. Res. Lett., 21, 2599- 
2602, 1994. 

Toon, O. B., and M. A. Tolbert, Spectroscopic evidence 
against nitric acid trihydrate in polar stratospheric clouds, 
Nature, 375, 218-221, 1995. 

Toon, O. B., P. Hamill, R. P. Turco, and J. Pinto, Condensa- 
tion of HNO 3 and HC1 in the winter polar stratosphere, 
Geophys. Res. Lett., 13, 1284-1287, 1986. 

Toon, O. B., E. V. Browell, S. Kinne, and J. Jordan, An 
analysis of lidar observations of polar stratospheric clouds, 
Geophys. Res. Lett., 17, 393-396, 1990. 

Toumi, R., S. Bekki, and R. Cox, A model study of ATMOS 
observations and the heterogeneous loss of N20 5 by the 
sulphate aerosol layer, J. Atmos. Chem., 16, 135-144, 1993. 

Traub, W. A., K. W. Jucks, D. G. Johnson, and K. V. Chance, 
Chemical change in the Arctic vortex during AASE II, 
Geophys. Res. Lett., 21, 2595-2598, 1994. 

Trenberth, K. E., and J. G. Olson, Temperature trends at the 
South Pole and McMurdo Sound, J. Clim., 2, 1196-1206, 
1989. 

Tsias, A., A. J. Prenni, K. S. Carslaw, T. P. Onasch, B. P. Luo, 
M. A. Tolbert, and T. Peter, Freezing of polar stratospheric 
clouds in orographically induced strong warming events, 
Geophys. Res. Lett., 24, 2303-2306, 1997. 

Tuck, A. F., Synoptic and chemical evolution of the Antarctic 
vortex in late winter and early spring 1987, J. Geophys. Res., 
94, 11,687-11,737, 1989. 

Tuck, A. F., and M. H. Proffitt, Comment on "On the magni- 
tude of transport out of the Antarctic polar vortex" by 
W. M. F. Wauben et al., J. Geophys. Res., 102, 28,215- 
28,218, 1997. 

Tuck, A. F., et al., Polar stratospheric cloud processed air and 
potential vorticity in the Northern Hemisphere lower 
stratosphere at midlatitudes during winter, J. Geophys. Res., 
97, 7883-7904, 1992. 

Tuck, A. F., et al., The Brewer-Dobson circulation in the light 
of high altitude in-situ aircraft observations, Q. J. R. Meteo- 
rol. Soc., 123, 1-69, 1997. 

Tung, K. K., M. K. W. Ko, J. M. Rodriguez, and N. D. Sze, Are 
Antarctic ozone variations a manifestation of dynamics or 
chemistry?, Nature, 333, 811-814, 1986. 

Turco, R. P., and P. Hamill, Supercooled sulfuric acid droplets: 
Perturbed stratospheric chemistry in early winter, Bet. Bun- 
sen Ges. Phys. Chem., 96, 323-334, 1992. 

Van der Leun, J., X. Tang, and M. Tevini, Environmental 
effects of ozone depletion: 1994 assessment, Ambio, 14, 138, 
1995. 

Van Doren, J. M., A. A. Viggano, and R. A. Morris, Rate 
enhancement of the reaction of HC1 with C1ONO2 by ions: 
Implications for the mechanisms of stratospherically impor- 
tant heterogeneous reactions, J. Am. Chem. Soc., 116, 6957- 
6958, 1994. 

Van Roozendael, M., C. Fayt, D. Bols•e, P. C. Simon, M. Gil, 
M. Yela, and J. Cacho, Ground-based stratospheric NO 2 
monitoring at Keflavik (Iceland) during EASOE, Geophys. 
Res. Lett., 21, 1379-1382, 1994. 

Viggiano, A. A., R. A. Morris, K. Gollinger, and F. Arnold, 
Ozone destruction by chlorine: The impracticality of miti- 
gation through ion chemistry, Science, 267, 82-84, 1995. 

Voemel, H., S. J. Oltmans, D. J. Hofmann, T. Deshler, and 
J. M. Rosen, The evolution of the dehydration in the 
Antarctic stratospheric vortex, J. Geophys. Res., 100, 
13,919-13,926, 1995. 

von Clarmann, T., H. Fischer, F. Friedl-Vallon, A. Linden, H. 
Oelhaf, C. Piesch, M. Seefeldner, and W. V61ker, Retrieval 
of stratospheric 03, HNO3 and C1ONO 2 profiles from 1992 
MIPAS-B limb emission spectra: Method, results, and error 
analysis, J. Geophys. Res., 98, 20,495-20,506, 1993. 

Von der Gaathen, P., et al., Observational evidence for chem- 
ical ozone depletion over the Arctic in winter 1991-2, 
Nature, 375, 131-134, 1995. 

Wahner, A., R. O. Jakoubek, G. H. Mount, A. R. Ravishan- 
kara, and A. L. Schmeltekopf, Remote sensing observations 
of nighttime OC10 column during the Airborne Arctic 
Ozone Experiment, September 8, 1987, J. Geophys. Res., 94, 
11,405-11,411, 1989. 

Wahner, A., J. Callies, H.-P. Dorn, U. Platt, and C. Schiller, 
Near UV atmospheric absorption measurements of column 
abundances during Airborne Arctic Stratospheric Expedi- 
tions, January-February 1989, 1, Technique and NO 2 ob- 
servations, Geophys. Res. Lett., 17, 497-500, 1990. 

Wallace, L., and W. Livingston, The effect of the Pinatubo 
cloud on hydrogen chloride and hydrogen fluoride, Geo- 
phys. Res. Lett., 19, 1209-1212, 1992. 

Wamsley, P. R., et al., Distribution of halon-1211 in the upper 
troposphere and lower stratosphere and the 1994 total 
bromine budget, J. Geophys. Res., 103, 1513-1526, 1998. 

Waters, J. W., J. C. Hardy, R. F. Jarnot, and H. M. Pickett, 
Chlorine monoxide radical, ozone, and hydrogen peroxide: 
Stratospheric measurements by microwave limb sounding, 
Science, 214, 61-64, 1981. 

Waters, J. W., L. Froidevaux, W. G. Read, G. L. Manney, L. S. 
Elson, D. A. Flower, R. F. Jarnot, and R. S. Harwood, 
Stratospheric C10 and ozone from the Microwave Limb 
Sounder on the Upper Atmosphere Research Satellite, 
Nature, 362, 597-602, 1993. 

Waters, J. W., G. L. Manney, W. G. Read, L. Froidevaux, D. A. 
Flower, and R. F. Jarnot, UARS MLS observations of lower 
stratospheric C10 in the 1992-1993 and 1993-94 Arctic 
winter vortices, Geophys. Res. Lett., 22, 823-826, 1995. 

Waters, J. W., et al., The UARS and EOS Microwave Limb 
Sounder (MLS) experiments, J. Atm. Sci., 56, 194-218, 
1999. 

Wauben, W. M. F., R. Bintanja, P. F. J. van Velthoven, and H. 
Kelder, On the magnitude of transport out of the Antarctic 
polar vortex, J. Geophys. Res., 102, 1229-1238, 1997. 

Waugh, D. W., et al., Transport out of the lower stratospheric 
Arctic vortex by Rossby wave breaking, J. Geophys. Res., 99, 
1071-1088, 1994. 

Waugh, D. W., et al., Mixing of polar vortex air into middle 
latitudes as revealed by tracer-tracer scatterplots, J. Geo- 
phys. Res., 102, 13,119-13,134, 1997. 

Webster, C. R., et al., Chlorine chemistry on polar strato- 



316 ß Solomon: STRATOSPHERIC OZONE DEPLETION 37, 3 /REVIEWS OF GEOPHYSICS 

spheric cloud particles in the Arctic winter, Science, 261, 
1130-1133, 1993. 

Webster, C. R., R. D. May, M. Allen, L. Jaeg16, and M.P. 
McCormick, Balloon profiles of stratospheric NO 2 and 
HNO3 for testing the heterogeneous hydrolysis of N20 5 on 
sulfate aerosols, Geophys. Res. Lett., 21, 53-56, 1994. 

Webster, C. R., et al., Evolution of HC1 concentrations in the 
lower stratosphere from 1991 to 1996 following the erup- 
tion of Mt. Pinatubo, Geophys. Res. Lett., 25, 995-998, 1998. 

Wennberg, P. O., et al., Removal of stratospheric 0 3 by radi- 
cals: In situ measurements of OH, HO2, NO, NO2, C10, 
and BrO, Science, 266, 398-404, 1994. 

Williams, W. J., J. J. Kosters, and D. G. Murcray, Nitric acid 
column densities over Antarctica, J. Geophys. Res., 87, 
8976-8989, 1982. 

Wilson, J. C., et al., In situ observations of aerosol and chlorine 
monoxide after the 1991 eruption of Mount Pinatubo: Ef- 
fect of reactions on sulfate aerosol, Science, 261, 1140- 
1143, 1993. 

Wofsy, S.C., Temporal and latitudinal variations of strato- 
spheric trace gases: A critical comparison between theory 
and experiment, J. Geophys. Res., 83, 364-378, 1978. 

Wofsy, S.C., M. B. McElroy, and Y. L. Yung, The chemistry of 
atmospheric bromine, Geophys. Res. Lett., 2, 215-218, 1975. 

World Meteorological Organization (WMO), Atmospheric 
ozone, Rep. 16, Geneva, 1985. 

World Meteorological Organization/United Nations Environ- 
ment Programme (WMO/UNEP), Scientific Assessment of 
Ozone Depletion: 1991, Rep. 25, Geneva, 1991. 

World Meteorological Organization/United Nations Environ- 
ment Programme (WMO/UNEP), Scientific Assessment of 
Ozone Depletion: 1994, Rep. 37, Geneva, 1994. 

World Meteorological Organization/United Nations Environ- 
ment Programme (WMO/UNEP), Scientific Assessment of 
Ozone Depletion: 1998, Rep. 44, in press, Geneva, 1999. 

Worsnop, D. R., L. E. Fox, M. S. Zahniser, and S.C. Wofsy, 
Vapor pressures of solid hydrates of nitric acid: Implica- 
tions for polar stratospheric clouds, Science, 259, 71-74, 
1993. 

Wuebbles, D. J., F. M. Luther, and J. E. Penner, Effect of 
coupled anthropogenic perturbations on stratospheric 
ozone, J. Geophys. Res., 88, 1444-1456, 1983. 

Yudin, V. A., M. A. Geller, B. V. Khattatov, A. R. Douglass, 
M. C. Cerniglia, J. W. Waters, L. S. Elson, A. E. Roche, and 
J. M. Russell III, A UARS study of lower stratospheric 
polar processing in the early stages of northern and south- 
ern winters, J. Geophys. Res., 102, 19,137-19,148, 1997. 

Yung, Y. L., J.P. Pinto, R. T. Watson, and S. P. Sander, 
Atmospheric bromine and ozone perturbations in the lower 
stratosphere, J. Atmos. Sci., 37, 339-353, 1980. 

Zander, R. E., et al., The 1994 northern midlatitude budget of 
stratospheric chlorine derived from ATMOS/ATLAS-3 ob- 
servations, Geophys. Res. Lett., 23, 2357-2360, 1996. 

Zerefos, C. S., K. Tourpali, and A. F. Bais, Further studies on 
possible volcanic signal to the ozone layer, J. Geophys. Res., 
99, 25,741-25,746, 1994. 

Zerefos, D. S., K. Tourpali, B. R. Bojkov, D. S. Balis, B. 
Rognerund, and I. S. A. Isaksen, Solar activity-total column 
ozone relationships: Observations and model studies with 
heterogeneous chemistry, J. Geophys. Res., 102, 1561-1569, 
1997. 

Zurek, R. W., G. L. Manney, A. J. Miller, M. E. Gelman, and 
R. M. Nagatani, Interannual variability of the north polar 
vortex in the lower stratosphere during the UARS mission, 
Geophys. Res. Lett., 23, 289-292, 1996. 

S. Solomon, Aeronomy Laboratory, NOAA R/E/AL8, Na- 
tional Oceanic and Atmospheric Administration, 325 South 
Broadway, Boulder, CO 80303. (ssolomon@al.noaa.gov) 


