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INTRODUCTION

Although atmospheric ozone has a recorded history dating back to the
ancient Greeks, scientific interest in stratospheric ozone only began in the
last century, when Hartley (1) recognized that the 293 nm cut-off in solar
ultraviolet (UV) radiation at the Earth’s surface corresponded very closely
with the UV absorption spectrum of 03. When his further experiments
at mountain altitudes (2) displayed an unchanged solar UV cut-off, the
groundwork was laid for our present understanding that about 90% of
the atmospheric ozone lies in the stratosphere. Knowledge of the Earth’s
ozone distribution was outlined in the 1920s and 1930s by a series of
experimenters, especially G. M. B. Dobson, who adapted the existing
UV spectrometers into an instrument suitable for daily measurements
in remote locations by trained technicians (3). With such instruments
transported to various remote sites, the ozone levels in the temperate zones
were demonstrated to be higher than in the tropics. Although the tropical
latitudes have approximately 260 milliatmosphere centimeters of O3 (or
Dobson Units) year-round, temperate zone stations exhibit strong seasonal
variations with a maximum peaking in March/April and a minimum in
October/November in the northern hemisphere, and the reverse in the
southern hemisphere (Figure 1) (4).

The logical source for this ozone was the solar U¥ photolysis of molec-
ular oxygen by Equation 1, followed by combination with another O2
molecule in Equation 2, but, if so,
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Figure ! Monthly average ozone concentrations for tour ground stations with interannua!
standard deviations. ([] = Leningrad, U.S.S.R.; z%. = Arosa, Switzerland; x = Aspendale,
Australia; (3 = Huancayo, Peru.)

O2+UV(2 < 242 nm)-~ O+O 1.

O+O2+M -~ O3q-M 2.

why was the concentration of stratospheric ozone not highest in the tropics,

where the solar radiation was most intense?
In 1930, Chapman (5) provided a qualitative and approximately quan-

titative explanation for this unexpected latitudinal and seasonal dis-

tribution of ozone. He added Equations 3 and 4 to the sequence, including
the crucial step that the conversion of O~ back to

O3-~ UV ~-. O-~- O2 3.

O-~- O3 "~" O2"~ O2 4.

O~ in Equation 4 is also initiated by solar UV radiation through its
release of atomic O in Equations 1 and 3. With both a source and sink for
ozone located predominantly in ~;he upper stratosphere of the tropics, the
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OZONE DEPLETION 733

amounts of ozone found elsewhere depend upon a complex interplay
between the molecular transformations of chemistry and meteorological
transport to other altitudes and latitudes. Investigations in the 1930s
established that the maximum concentrations of ozone lie in the lower
stratosphere between 15-25 kin, which further emphasized the role of
atmospheric transport in determining the distribution of ozone. Within
the quantitative limitations imposed by laboratory measurements of the
reaction r~tes for Equations I-4 and especially by the absence of detailed
solar UV spectra beyond the atmosphere, these four oxygen, or "Chap-
man," reactions provided a satisfactory explanation for the origin and
distribution of atmospheric ozone for more than three decades.

The modern era of stratospheric ozone studies began in the 1960s, with
proposals that the detailed ozone source/sink calculations were not in
balance: Less ozone was actually prcscnt than would be expected from the
Chapman reactions alone, and some additional sink for ozone must exist
(4). This gap has now been closed with the progressive inclusion of a series
of free radical catalytic chains, of which the most important are the HO~,
NOx (6, 7), and C1Ox (8, 9) sequences, as shown in Equations 5-8 for 
latter two. Each of these chains sums to the equivalent of the direct
Equation 4. Most numerical

NO+O3 ~ NO2-t-O2 5.

NO2+O ~ NO+O2 6.

SUM: 0+03 ~ O2-~O2

ClnuO3 --* ClOq-O2 7,

C10+O -~ CI+O: 8.

descriptions of ozone production and loss are described in terms of traces
of "odd oxygen" (i.e. O plus 03, in contrast to the abundant "even
oxygen," O:0, because the photochemical destruction of 03 in Equation 3
does not result in permanent ozone removal if the O atom so released
immediately reforms 03 by Equation 2. In the odd oxygen calculus, Equa-
tions 2 and 3 have values of zero, with + 2 for Equation 1, - 2 for Equation
4, and - 1 each for Equations 5 8. The major share of atmospheric odd
oxygen removal is carried by the free radical chains (4).

The inclusion of chain reactions in the ozone balance requires descrip-
tion of the ..sources of the chain carriers, the possibility for temporary
or permanent interruption of the chains by the formation of reservoir
compounds ,(e.g. C10 + NO2 --* CIONO~, .chlorine nitrate), and the even-
tual permanent sinks for the chain carriers. Furthermore, the realization
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734 ROWLAND

over the past two decades that some of the sources for the chain carriers
have been substantially augmented by human activities has raised major
concerns about the possibilities of si~gnificant stratospheric ozone depletion
in the coming half century (6-9).

PRECURSORS FOR STRATOSPHERIC CHAIN

REACTIONS

Two major methods exist for introclucing chain carriers, such as HO, NO,
or CI, into the stratosphere: direct physical deposition and release into
the troposphere of a sufficiently inert chemical compound, of which a
significant fraction survives to drift randomly into the much more intense
solar UV radiation of the midstratosphere. The increased photochemical
reactivity of 30 km or higher is largely the consequence of being at altitudes
above most of the O2 and 03 that absorb UV by Equations 1 and 3.

Direct physical formation of NO in the stratosphere can be
accomplished simply by heating N2 and O2 together, as with air drawn
into the fireball of an atmospheric nuclear weapons test (10, 10a) or through
the engine of a high-flying aircraft: (11). At the beginning of the twentieth
century, sources already exisied in the natural atmosphere that served as
the inert precursors for delivery ot’ H, NO and C1 to the stratosphere. Two
compounds, H20 and CH4, serve, as the primary carriers for introducing
H into the stratosphere. Entrance is essentially limited meteorologically to
large air masses that rise in tropic latitudes and pass through the cold trap
of the tropical tropopause at temperatures around - 78°C, thereby limiting
the initial stratospheric water vapor content to about 3 parts per million
by volume (ppmv). These rising air masses also transport trace gaseous
molecules without regard to the:ir molecular weights--the gravitational
separation of atmospheric components by molecular diffusion is over-
whelmed by large convective motions to altitudes far above the top of the
stratosphere.

Among the molecules transported through the tropical tropopause with
H20 are CH4, N20, and CH3CI. Both CHa and CH3CI have sinks in the
troposphere through reaction with HO radical, as in Equations 9 and 10,
but have atmospheric lifetimes long enough

HO+ CH4 ~ H20+ CH3

HO + CHIC1 ~ H20 + CH_~CI 10.

[about 10 years and 1.5 years, respectively (12, 13)], that appreciable
concentrations exist in the upper troposphere in tropic latitudes. Once in
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OZONE DEPLETION 735

the stratosphere, CH3CI is still susceptible to HO attack and eventually
releases both H and CI.

The measured tropospheric concentrations of CI-t3C1 are approximately
600 parts per trillion by volume (pptv) and have shown no discernible
trend during 15 years of accurate assay (4, 13). The currently available
data suggest that the stratospheric mixing ratio of CI summed over all
chemical forms a century ago was not much larger than that furnished by
CH3CI alone (i.e. about 600 pptv). Measurement of the CH3C1 con-
centrations in glacial ice cores has not yet been accomplished, but when
completed, can provide information about any variations in the strato-
spheric C1 burdcn over the past 160,000 years or longer.

Because mixing in the stratosphere is not affected by changes in chemical
form, the mixing ratio (i.e. mole fraction) of C1 from CH3C1 will 
essentially constant throughout the atmosphere from the surface to 50 km
and above,, as shown in Figure 2. Although the chemical form of the CI
atom is initially CH3C1, smaller and smaller fractions survive unchanged
to higher altitudes (14), and a larger and larger fraction is distributed
among the available forms of inorganic chlorine--chiefly C1, C10, HC1,
C1ONO2, and HOC1. Redistribution of CI among these compounds is

Figure 2
chloride.

cl.. 

-*--- TROPOPAUSE --,,-"~
IO-

C HsC I

0 ~ I ~ I ~
0.0 0,2 0.4 0.6

MIXING RATIO, PPBV
Che~nical distribution versus altitude for C1 from surface emissions of methyl
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736 ROWr,AND

controlled by the various chemical and photochemical reactions that affect
these molecules at each altitude (15). The lower temperatures of the strato-
sphere, as low as -67°C at 20 knq in temperate latitudes and -90°C in
polar latitudes, control the rates of the chemical reactions, whereas the
intensity of solar UV radiation becomes rapidly greater at higher altitudes
with less and less shielding by O2 and 03. Both HOCI and C1ONO2 have
significant absorption cross-sections at wavelengths beyond 293 nm (15)
and are, therefore, subject to solar photodecomposition throughout the
atmosphere, albeit more intensively at higher altitudes.

The total amount of H in the stratosphere is essentially the sum of the
amounts delivered there as H20 and CH4. The mixing ratio of CH4 at the
50 km level is only about one eighth the value at the tropopause, with the
remaining seven-eighths already o:ddized and converted to H20. Satellite
measurements of the eoncentration.s of both CH4 and H 20 have confirmed
that the sum of the H present is nearly constant for all stratospheric
latitudes and altitudes (16, 16a) at 12-13 ppmv (e.g. 3 ppmv H20 x 
atoms/molecule plus 1.5 ppmv CH4 x 4 atoms/molecule). Molecular H20
is much more stable in the stratosphere than either CH4 or CH3C1, with
the consequence that only a very minor fraction of the H is present in the
free radical forms H, HO, HO2, or more reactive compounds, such as
HNO3, HOC1, or H202.

Unlike CH 3C1, the measurements of the past decade have clearly shown
that the tropospheric concentrations of methane have been increasing
(Figure 3) on a global scale, from about 1.52 ppmv in 1978 to 1.71 ppmv
in 1990 (17, 17a). A corollary consequence is that the amounts of H carried into
the stratosphere have probably been steadily increasing: If H20 content
remained constant at an average of about 3 ppmv, then the observed CH4
change would raise total H from 112.1 ppmv in 1978 to 12.8 ppmv in 1990
(17, 17a). Measurements of methar~e in glacial ice cores have established that
the atmospheric CH4 level was abe.ut 0.7 ppm.v in 1800 (18, 18a), and as low
as 0.3 ppmv during the ice ages 20,000-160,000 years ago (19). Thus the
total delivery of H to the stratosphere has probably increased 50% to its
present level from about 9 ppmv H two centuries ago. This conclusion
depends implicitly on the plausiNe assumption, untestable in the absence
of any pertinent data, that the average temperature of the tropical tropo-
pause--and thereby control of the freeze-drying of air entering the strato-
sphere -has remained unchanged during that period.

The extent to which this 100.+% increase in CH4 concentrations is
anthropogenic in origin is quantitatively uncertain, but all of the major
biological emission sources for CIFI4 (cattle, rice paddies, swamps) and the
nonbiological sources associated with fossil fuels have been perturbed by
mankind during the past two centuries (20). An increase in total H in the

www.annualreviews.org/aronline
Annual Reviews

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 1

99
1.

42
:7

31
-7

68
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Ir

vi
ne

 o
n 

12
/0

7/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/aronline


OZONE DEPLETION 737
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Global average concentrations of atmospheric methane, 1978-1990.

stratosphere then impacts directly on the ambient ozone concentrations
through altered levels of HO and HO2, and indirectly from the likely
increase in both frequency and total volume of clouds in the stratosphere.
The role of polar stratospheric clouds (PSCs) in stratospheric ozone
depletion is: particularly important, as discussed later.

Direct emissions of the NOx free radicals into the troposphere, or for-
mation there by the action of lightning, have little effect on the strato-
sphere, because rainout can remove oxygen-bonded N from the atmo-
sphere while in the form of nitric acid or in other water-soluble chemical
forms (e.g. peroxyacetyl nitrate). The major source of NO and NO2 in the
stratosphere is NzO emitted at the st~rface. Current knowledge indicates
that NzO has no significant tropospheric sink and an average lifetime in
the atmosphere of 150 years (13, 14). Its most important sources are
microbiological activity in the soil and the oceans, resulting from side
pathways during the nitrification to N2 of NH3 or the denitrification of
NO~. In the stratosphere, the molecule can be destroyed by either direct
photolysis, as in Equation 11, or reaction with O(~D) atoms in Equation
12. Approximately 90% of N20 removal occurs by photolysis, so

N20 + UV --~ N2 + O 11.

N20+O(~D) ---, NO+NO 12.
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738 ROWL,~YD

that most N atoms delivered to tl:~e straiosphere as N20 are converted
directly into inert N2. However, the lesser pathway for N20 by Equation
12 is the major source of stratospheric NOx. The chief source for O(~D)
in both the troposphere and the stratosphere is Equation 3’ when initiated
by UV radiation with wavelengths shorter than 314 nm. The reaction of
O(~D) with H~O vapor in the troposphere by Equation 13 is the ultimate
source for HO, the primary oxidant of trace compounds introduced near
the Earth’s surface.

O3+UV --~ O(ID)+O2 3’.

O(~D)+ H20 ---* HO+ HO. 13.

ANTHROPOGENIC INCREASES IN PRECURSOR

CONCENTRATIONS

The natural transport to the stratosphere of I-I20 , CH4, N20, and CH3C1
established a complex chemistry that regulated the concentrations of ozone
and a substantial number of temporary reservoir compounds formed by
the chain-terminating combination reactions of the various free radical
chain carriers: HNO3, HO2NOz, N205, H202, HC1, C1ONO:, HOC1. As
the concentrations of the precursors increase in the troposphere, those of
the free radicals in the stratosphere respond quickly to these alterations in
their support base. The global average concentration of N20 has been
increasing recently at a rate of 0.’.2% per year (4, 21) to a 1990 value 
about 308 parts per billion by volume (ppbv). Several potential causes for
this increase have been postulated, including combustion of fossil fuel
and the increased use of nitrogenous fertilizers in agriculture. However,
quantitative evaluation of such sources has remained elusive, at least
in part because measurement of N~O has been complicated through its
formation as a contaminant by surface reactions among components
trapped in air sampling canisters (22, 23).

During the last 30 years, the mest striking increases in stratospheric free
radical concentrations are those ~tssociated with the C1Ox chains through
the widespread global usage of volatile synthetic organochlorine
compounds. The most important, of these, in terms of quantitative con-
tributions to stratospheric concentrations of C1 and C10, have been
CH3CC13, CC14, and the chlorol~luoroearbons (CFCs), of which CCI~Fz
(CFC-12), CC13F (CFC-11), and~ CC12FCC1Fz (CFC-I13) are the 
abundant (24). None of these anthropogenic perhalocarbon compounds
have an important t~opospheric sink, with the consequence that their
atmospheric lifetimes are controliled by UV photochemistry in the strato-
sphere. Because the UV photochemical cross-sections of CCI~ and CFCs
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OZONE DEPLETION 739

are fully screened by ozone in the troposphere and lower stratosphere,
photodecomposition by solar UV, as in Equation 14 for CC13F, is negli-
gibly slow below about 20 km and then rises rapidly higher in the strato-
sphere. Although the photolysis rate continues to increase to the top of
the atmosphere, the actual photolysis reaches its peak at altitudes around
30 kin. Atomic C1 released in Equation 14 in turn induces the C1Ox chain
reaction of Equations 7 and 8. The interconnection between CFCs and
stratospheric

CC13Fq- UV(,~ < 230nm) -- CI÷CC12F 14.

ozone is, tl~terefore, very direct--photolysis of CFCs begins only at alti-
tudes for which they arc no longer protected by ozone absorption of UV
radiation. Although the C1Ox chain can be temporarily interrupted by the
formation of a reservoir compound, such as C1ONO2 or HC1, photolysis
or HO attack releases C1, and the C1Ox chain begins anew until the C1
atom has diffused back into the troposphere. The average Cl atom removes
about l0s ozone ~nolecules before final termination by rainout of HC1.

The atmospheric lifetimes of CFC-11 and CFC-12 were initially pos-
tulated to l!ie in the 40-80 year and 80-150 year ranges, respectively,
through model atmospheric calculations based on their known photo-
chemistry (9). Close comparisons of the amounts in the atmosphere versus
the totals allready emitted have led to best estimates of 75 years and 110
years, respectively, for CFC-11 and CFC-12 (25). The atmospheric lifetime
of CFC-113 is slightly shorter than for CFC-12, and that of CC14 must
also be 50 years or more. The residual radicals, such as C12F from Equation
14, react immediately with 02, thus releasing a second C1 atom and leaving
an oxygenated residue, CC1FO in this instance. Although such compounds
are expected in the stratosphere (9a, 26), and CC120 has also been observed
in the troposphere (27), most are further dissociated, releasing both C1 and
F. The eventual fate of F is the formation of HF, whose concentration has
been shown from infrared spectra to have increased fourfold since 1978
(4, 28). Atomic F and the radical FO can remove ozone by an FOx chain
analogous to the C1Ox chain of Equations 7 and 8, but the chain is quickly
terminated by the formation of HF, which is itself chemically inert, thus
preventing fl~rther ozone loss.

The yearly world release to the atmosphere of CFCs exceeds 1 million
tons per year, essentially all of which eventually decomposes in the strato-
sphere (24). The total world production of volatile chlorinated organic
molecules is many times larger than that of the CFCs, but two factors
reduce or eliminate the stratospheric ozone threat from these high-volume
chlorocarbons. Many are industrial precursors of nonvolatile compounds
whose C1 atoms never enter the atmosphere, as with CHzCICHzC1 or
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740 ROWLAND

CH~-CHC1 used sequentially in the production of the plastic polyvinylchlo-
ride. Others, such as CHCI-CC12, are emitted to the atmosphere, but are so
chemically reactive that they survive for only a few weeks, with the C1
atoms rapidly converted to water-~oluble compounds, such as HC1, which
are removed by rain. Similar fates make tropospheric inputs of HCI and
salty oceanic sea spray of negligible stratospheric importance.

In contrast to the CFCs and CC,14, the atmospheric lifetime of CH ~CCI~
is controlled through reaction with HO in the troposphere by Equation
15. In this case, with

HO + CH 3CC13 ~" H 2° ~- CH 2CC13 15.

reasonably accurate global estimates available of total manufacture
and release, comparisons of atme,sphcric concentrations with cumulative
emissions have shown that only about half of the CH3CC13 emitted
to the atmosphere is still there, which corresponds to an atmospheric
lifetime of about six or seven years, with an accuracy of about +_20%
(12, 29, 30).

This CH3CC13 calculation plays a central role in considerations of the
atmospheric lifetimes of other hydrogen-containing molecules, because
measurements of the tropospheric concentrations of HO radicals have
proven to be an exceedingly elusive target (31). Only a few actual measure-
ments of HO concentrations have succeeded, no portable instruments have
yet been successfully applied, and direct global assays of HO are therefore
totally absent (32). In these circumstances, an indirect measurement 
global HO strength is indispensable, and the atmospheric lifetime of
CH 3eel 3 coupled with the measured laboratory reaction rate for Equation
15 can be used to indicate a 24-hour global average concentration of about
6 × 105 HO radicals/cm3.The lifetimes of other C-H containing molecules
can then be inferred from the inverse ratio of the measured laboratory
reaction ratcs with HO radicals.. This procedure has been extensively
applied for estimates of the atmospheric lifetimes for various molecules
already known to be in the atmosphere and for evaluation of molecules
newly proposed for widespread release as substitutes for CFCs, as shown
in Table 1 (12, 13, 33, 34). The substitutes are now usually designated 
HCFCs (e.g. CHCI~CF3 as HCFC-123) or HFCs (e.g. CH~FCF3 as HFC-
134A) to distinguish them from the CFCs, as the latter come under various
regulatory edicts.

The capability for stratospheric ozone depletion by a particular organo-
chlorine compound is basically a consequence of its ability to deliver
chlorine to the stratosphere and is primarily a function of its number of
chlorine atoms and atmospheric lifetime, but the details of its stratospheric
reactivity are also important. The more CI atoms per molecule, the more
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OZONE DEPLETION 741

Table 1 Hydroxyl reaction rates, atmospheric lifetimes, and ozone depletion potentials for
various hydrocarbons and halocarbons

k~o
Ozon’e depletion

Molecule cm3 molecule- ’sec- ~ Lifetime potential

CH3CCI3 8.2 x 10- ,5 (6.5 yrs.) 0.11
CH4 5.6 x I0-~5 10yrs. 0
C2H6 2.2 x 10-~3 2 mos. 0
C3H8 9.7 x 10-13 3 wks. 0
CH3CI 3.5 × |0-14 1.5 yrs. --
CHC13 8,3 X 10-1 4 8 mos. --
CHC1F2 3,4 x 10-ts 16 yrs. HCFC-22 0.053
CHCIzCF3 2,7 x 10- ,4 2.0 yrs, HCFC-123 0.016
CHCIFCF~ 7.6 x 10-15 7yrs. HCFC-124 0.019
CH2CICCIF2 1.1 x 10- ~4 1.3 yrs. HCFC-132 ~0.01
CHzFCF3 6.4 x 10- ~ 8 yrs. HFC-134A 0
CC12FCH3 5.5 x 10 ~5 10 yrs. HCFC-141B 0.08
CC1FzCH3 2.4 x l0 ~5 22 yrs. HCFC-142B 0.06
CH3CHF2 2.6 x 10 ~4 2.1 yrs. HCFC-152A 0
CC13F 0 75 yrs. CFC-I 1 (1,0)

Ozone Depletion Potentials for: CC12Fz 1.0
CC14 1.1
CClzFCC1Fz 0.82

delivered to the stratosphere; the shorter the lifetime, the more molecules
deposit C1 in the troposphere, and, therefore, do not deplete ozone in the
stratosphere. The ozone depletion potentials (ODPs) of the substitute
HCFCs, which are also given in Table 1 (33, 34), represent the relative
amount of .ozone depletion calculated in atmospheric models in com-
parison to the losses from an equivalent tonnage of CFC-11 set as 1.0.
The CFC-11 calculations demonstrate ozone depletion extending well
beyond 100 years into the future, whereas that from HCFCs tends to be
concentrated in the very near future because of their shorter lifetimes. For
this reason, calculations have also been conducted to determine transient
ODPs, whiclh average the future ozone losses from HCFC and CFC-11
over the next 25-50 years, and these are arguably more appropriate for
regulatory considerations (34). Questions have also been raised about the
appropriateness of the existing atmospheric model calculations of ODP
values (35), hecause substantial fractions of ozone losses in the real atmo-
sphere occur in polar vortices under the influence of heterogeneous chemi-
cal reactions, whereas the models used for ODP calculations have as yet
only considered homogeneous gas phase reactions.

The concentrations of various organochlorine compounds have been
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742 ROWLAND

measured in the atmosphere since the mid-1970s, with sufficient infor-
mation now available to permit exl:rapolation backward in time to the pre-
CFC era and forward beyond 1990 in anticipation of various proposed
scenarios for future emissions, a’s shown in Figure 4 (24). Typical gas
chromatographic measurements of halocarbon concentrations in one
remote and two urban locations are shown in Figure 5. Seven major
organochlorine compounds are identified in the air sample from Tokyo,
together with 11 additional compounds present in minor yield. (The instru-
mental sensitivities are greatest for CFC-11, CC14, and CH3CC13 and are
an order of magnitude less for CFC-12 and CFC-113.) Six of the seven
major compounds were also found in Santa Clara, California, and outside
Barrow, Alaska. The concentrations in Barrow are, however, much
smaller, and most of the minor peaks in the urban locations are essentially
absent in northern Alaska, which is distant from the largely urban sources.
Measurements in remote location.s over all latitudes furnish the basis for
a global assay. Figure 6 illustrates a background latitudinal distribution
of CC13F (36). Approximately 95% of chlorocarbon release occurs in the
northern hemisphere, but transport time of about one year between the

PPBV
Cl

7.0
/ OTHERS

--CONSTANT EMISSON,
6.0 NO CONTROLS //CC’2 FCCIF~

---MONTREAL PROTOCOL-T-~~

?.0

1.0 CCI4

0.0 I I I [ [ ( I CH3C[
1950 1960 19TO 1980 1990 2000 ~.010

YE~.R
Figure 4 Tropospheric organochlorine concentrations from 1950 to 2020. Data through
1990 based on measurements from 1975--1990. Calculated future concentrations on several
bases: yearly emissions remain constant at 1986 levels (solid line); yearly emissions of CFCs
reduced in accord with Montreal Protocol of 1987 (20% decrease in 1994, additional 30%
decrease in 1999) (broken line); linear reductioa in emissions of CFCs over decade of 1990s,
with zero CFC emissions in 2000 and thereafter (boM line).
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CHCI = CCI2

~CI2 =CCI2

TOK’ O, JAPAN
JAN. 26, 1989

743

SANTA CLARA
CAL I FORNIA

DEC. 18, 1988

BARROW, ALASKA
DEC. I0, 1988

I I
0 2 4. 6 8

MINUTES

Figure 5 Halocarbon measurements by electron capture gas chromatographic analysis for
three air samples: (top) Tokyo, Japan; Oniddle) Santa Clara, California; (bottom) upwind
from Barrow, Alaska (71 ° North Latitude).

northern and southern hemispheres keeps the interhemispheric gradient
small. Figure 4 shows that the total organochlorine concentration, only
0.6 ppbv in 1900 largely from CH3CI, has increased in the troposphere
from 0.8 ppbv in 1950 to about 4.0 ppbv in 1990. The stratospheric
concentration of total chlorine will follow along with a delay period of 5-
10 years for trophospheric mixing and upward transfer and then photo-
decomposition at stratospheric altitudes.
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Latitudinal distribution of CCI3F concentrations in remote locations.

STRATOSPHERIC SOURCES OF FREE RADICALS

The possibility of stratospheric ozone depletion through direct release of
free radicals into the stratosphere, was first considered in connection with
the proposals in 1970 for construction of supersonic transport aircraft
(SSTs), because of the partial conversion of N2/O2 into NO in their engines
(11). The important parameter is not the supersonic speeds of the aircraft,
but the flight altitudes of 17 km for the Anglo-French Concorde and 20
km for the proposed Boeing SST. Indeed, far greater quantities of air are
converted into NO in the engines of automobiles, and NO~ at ground level
is a major contributor to the formation of additional O3 in photochemical
smog. The chemical sequence at the surface involves the formation of
carbonaceous free radicals by HO attack on hydrocarbons and other
organic molecules, as in Equation 16, which is followed by oxygenation
of the residual organic radical in Equation 17, reaction with NO to form
NO2 in Equation 18, and then photolysis of NO2 in Equation 19 to release

HO+RH -~ H20+R

R+O2 ~ RO2

RO~+NO ~ RO+NO2

16.

17.

18.
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OZONE DEPLETION 745

NO2+hv ~ NO+O 19.

NO again, plus an O atom that is converted to 03 by Equation 2. The
difference between this sequence and the NO,, chain in the upper strato-
sphere lies in the much greater frequency of the reaction of NO2 with O
in the latter--a process that removes an atom of oxygen versus photolysis,
which produces an additional oxygen atom.

The competition for NO2 between reaction with O (ozone depletion)
and photolysis (ozone formation) is highly dependent on altitude and solar
angle. The competition has always implied (11) the existence of a "cross-
over" altitude above which NOx emissions tend to deplete ozone and
below which NOx ernissions, when combined with abundant hydrocarbon
emissions, produce enhanced ozone concentrations. Stratospheric model
calculations of ozone changes versus altitude have proven to be quite
sensitive to some of the input data, and especially to major revisions of
chemical or photochemical rate constants or to the inclusion of addi-
tional chemical reactions of newly found importance (4, 14). A further
complication is introduced by the interactions between different free
radical chains, so that enhanced NOx concentrations can simultaneously
increase the, removal of ozone by Equations 5 and 6 and reduce the
removal of ozone by Equations 7 and 8 through the sequestration of
CIO as CIONO2.

In 1975, tlhe calculated impact of 500 airplane fleets of the Concorde or
Boeing SST aircraft was substantial ozone depletion on a global basis (11).
The calculated quantitative impact of equivalent NOx injections has varied
in the ensuing 15 years, with each elaboration of the chemical basis of the
atmospheric models; for a brief time around 1980, the calculations indi-
cated that a large fleet of Concorde-type aircraft would have slightly
cnhanccd total stratospheric ozone (4). Although the latter conclu-
sion became frozen in place in aeronautic circles and in the Depart-
ment of Transportation, not to be reexamined for almost a decade, since
1980, the atmospheric models have predicted that substantial ozone de-
pletion would accompany such large high-altitude fleets (4). The most
recent thorough reevaluation (37) has indicated losses comparable 
those originally estimated in 1975. Furthermore, calculations have now
been perfortned with two-dimensional models, with both latitude and
altitude as parameters. Figure 7 illustrates the calculated ozone deple-
tions for the Boeing fleet, and Table 2 provides the ozone losses calcu-
lated with the one-dimensional models for various improved engine effi-
ciencies (with respect to NOx emissions) (37). At the same time, the 
larger emissions from the existing subsonic commercial aircraft fleet, with
flight altitudes around 10-12 km, are calculated in the 1990 versions of
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PERCENT OZONE DECREASE

0 I000 ~000

NITRIC OXIDE INJECTION RATE/IO5 MOLECULES c~2~I

Figure 7 Altitude dependence of percentage change in total Column ozone, LLNL 1-D
Model. Emissions assumed for 1 km band centered at given altitude.

atmospheric models to cause a sliLght increase in total stratospheric ozone
(4, 13).

Nuclear weapons testing in the, atmosphere has long been known to be
another source for the direct introduction of NOx through air drawn into

the nuclear fireball (10, 10a). Calculation of the overall effect has indicated
stratospheric ozone depletion, especially during the early 1960s, when large

Table 2 Calculated change in global-averaged total ozone from the LLNL two-dimensional
model, which assumes an annual fuel consumption of 7.7 x 10~° kg, with all emissions
between 37°~49°N in a 3 km altitude range centered about 22.5 km altitude (relative to an
atmosphere with no aircraft emissions), based on Ref. 37

Injection rate
Emission index

g of NO MT of NO2 Molecules/ Change in
Emission scenario kg- ~ fuel yr- ~ 105 cm- 2 s- ~ total ozone

Current subsonic rate 40a 4.8 4000 -- 19.0%
Standard CIAP rate 15 1.8 1500 -8.6%
Future goal 5 0.6 500 - 2.8%

aThis emission index assumes current coramercial subsonic aircraft technology being used in the
stratosphere. The actual emission index for current aircraft at their flight altitudes in the upper troposphere
are a factor of 2-3 smaller than this.
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OZONE DEPLETION 747

weapons were being tested by both the United States and the Soviet Union.
The result,,; from a recent recalculation, which are illustrated in Figure 8,
indicate that the largest depletions in ozone should have occurred at higher
latitudes in the northern hemisphere. The ozone depletion effects that
would accompany an all-out exchange of nuclear weapons have been
calculated to be much more severe. Under the circumstances, however,
these effects are overshadowed by the direct destructive effects of nuclear
explosions and by the estimated "nuclear winter" consequences of the
smoke and dust thrown into the atmosphere by the explosions and sub-
sequent conflagrations (38, 39).

An additional source for direct introduction of free radicals into the
stratosphere is the firing of rocket payloads into space (8, 40), as with the
Space Shuttle whose first-stage rockets contains approximately 100 tons
of chlorine as ammonium perchlorate (mixed with powdered aluminum).
With first-stage burnout at altitudes between 40-45 kin, as much as half
of this chlorine is deposited in the stratosphere, probably initially as HCI.

Although tibe intense UV exposure of the middle and upper stratosphere
ensures that essentially all forms of chlorine are quickly thrown into
the appropriate chemical equilibrium involving C1, C10, and the various
temporary reservoirs, the cumulative introduction of chlorine into the
stratosphere at 50 tons per large rocket firing is small compared with the
millions of tons of chlorine injected into the atmosphere through the
release of organochlorine compounds.

40¸

~ 30

z

Z 20
O

O
~ IO

OZONE DECREASES CALCULATED FOR LATITUDE BANDS

6 O* - 80’~ N

53° -64"N

40"- 52"N

30o- 39ON

20o- 29ON

60

~ CALCULATED DEPLETION

II FROM NUCLEAR

= ~ I -,~,
65

YEAR

Figure 8
atmosphere for northern hemisphere.

?O

Calculated time-dependent ozone depletions from nuclear weapons tests in the
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748 ROWLAND

MEASUREMENTS OF ATMOSPHERIC OZONE

Regular continual measurements ,sf ozone, which were begun in several
locations during the 1920s, used the Dobson UV spectrometer. But, for
various reasons, these series, including that initiated by Dobson himself
(3), have not been continued to the present day without interruption. The
routine measurement of ozone depends upon a null reading of the UV
intensities at two wavelengths, the shorter of which is appreciably absorbed
by ozone. The radiation received at the longer wavelength is attenuated in
the apparatus to match that found at the shorter wavelength, thus pro-
viding a reading that can then be converted into a total amount of ozone
in the air column. The readings for the particular zenith angle are then
recorded as the equivalent in a vertical column after correction for the
solar angle of the sun. The preferred measurement depends upon direct
observation of the sun, but readings on a cloudy day are also possible
from the zenith sky or from zenith clouds by careful calibration during time
periods when both direct sun and zenith observations can be made. The
longest, essentially continuous record from any station is that measured
at Arosa, Switzerland, from August 1931 to the present. At this location,
measurements of total ozone have., been made on a substantial majority of
the 20,000 days that have elapsed since the series was begun, and monthly
averages have been recorded for all but five of the 700 months involved.
The long-term monthly averages and the interannual standard deviations
of the Arosa data are illustrated in Figure 1; both are generally typical of
the seasonal variations found in north temperate zone locations (14).

Data have been recorded since 1931, with the ozone calculated from
measurements of the C wavelength pair (311.45 nm and 332.4 nm). Since
1957, the internationally preferred ozone measurement is conducted with
four wavelengths, the A and D pairs of 305.5 nm/325.4 nm and 317.6
nm/339.8 nm, to minimize any interference by scattering from aerosol
particles. In principle, each pair ol~wavelengths should give the same ozone
concentration when properly calibrated, but atmospheric path lengths are
much longer during winter at high latitudes than in the tropics, and
different pairs are more appropriate under each condition. Examination
of long series of data for possible trends in total ozone concentration
necessitates consistent recording of the data. Periodic recalibration of the
basic instrument is also necessary. Such recalibrations are now conducted
in side-by-side comparisons with traveling secondary standard instru-
ments, which are maintained by comparison with an International Stan-
dard instrument. This instrumer~t is itself recalibrated every year or two
under the highly favorable conditions of the mountaintop at Mauna Loa,
Hawaii (1, 4). These conditions include negligible daily spatial and tem-
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OZONE DEPLETION 749

poral variation in total ozone in the tropics (Figures 1 and 9), usually cloud-
free sky, sun near the zenith in summer, high altitude, and unpolluted air.

In the 1957 1958 international Geophysical Year, the number of ground
stations from which ozone was routinely measured was substantially
increased. This increase included the establishment of several stations
in Antarctica from which ozone measurements had not previously been
available. An early result from Antarctica was the observation that the
total ozone content over Halley Bay on the Antarctic Coast (76°S, 27°E)
had a seasonal variation--after a six-month phase shift for the southern
hemisphere--quite unlike that found for Spitsbergen, Norway (3). Instead
of an ozone maximum near the spring equinox (see Figure 1 for Leningrad
and Arosa), the Antarctic maximum occurred in mid-spring (November).
Ozone concentrations in the south temperate zone (Aspendale in Figure
l) also maximize near the spring (austral) equinox. The explanation 
the delayed Antarctic maximum is the existence in the southern hemisphere
of an inten~,~e wintertime polar vortex in the stratosphere, such that the air
over Antarctica at the beginning of winter remains there throughout the
polar darkness and continues until broken up in mid-spring. Without

JUNE 29, 1979
156w 155w
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Fi#ure 9 Total ozone measurcments in vicinity of Hawaiian Islands for June 29, 1979.
Dobson measurement at Mauna Loa (dashed oval), all others by TOMS instrument on
Nimbus-7 satellite.
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750 ROWLAND

access to either high sun condition,,; or air from lower latitudes, the ozone
concentration over Antarctica remains at the wintertime level until the
advancing sunlight of spring heat~ the southern stratosphere, dissipates
the vortex, and allows the arrival over the pole of lower latitude strato-
spheric air containing higher ozone concentrations.

When the data of Figure 1 from Arosa are divided into the periods
covering the years 1931-1969 and 1970-1988, the average ozone con-
centrations in the more recent period are found to be less in every month
(Figure 10), but especially so in the months from November through
March (41). A generally similar pattern has been found for most ozone
stations north of 30°N latitude, and combination of the records from
various ground-level observation stations within particular latitude bands
has shown a global pattern of statistically significant wintertime loss of
ozone in the north temperate zone, coupled with indications of smaller
losses during summer periods (Figure 11) (13, 14, 42). This differentiation
in the seasonal losses of ozone had not been recognized in earlier analyses
of the global Dobson ozone data (4) because the prevailing presumption
from atmospheric models, which employ solely homogeneous gas phase
chemistry, was that any stratospheric ozone losses would be comparable
in all seasons. Consequently, the ozone data were heavily weighted in the
statistical treatment toward summer observations for which the inter-
annual variations (see Figure 1) are much smaller, and for which the
signal/noise ratio of a given ozon,e change would then be larger (14). The
current state of measurements related to atmospheric ozone has been
described in 192 papers from the 1988 Ozone Symposium (43).

Z
I~J 0
n~

-I0

OZONE CHANGE AT AROSA
197’0 - 191~38 MINUS 1931 - 1969

J A S O N D J F M A M J

MONTH

Figure 10 Percentage difference in monthly average total ozone readings at Arosa, Switzer-
land, for period 1970-1988 relative to 15’31-1969.
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OZONE DEPLETION 751

-3.0 -4.7 -2.1 |

’

Figure 11 Percentage changes in total ozone concentrations by 1986 from average values
before 1970 for latitude bands between 30°N and 64°N latitudes.

In 1970, total ozone measurements from satellites were initiated by
utilizing a back-scatter ultraviolet (BUV) technique from the Nimbus-4
satellite (40). This technique depends upon differential absorption in two
UV wavelengths: One is strongly sensitive to 03, and the other is only
weakly absorbed by 03. The technique also depends upon the knowledge
that most of the Earth’s UV albedo depends upon interactions in the
troposphere, whereas most of the ozone is in the stratosphere. Differential
absorption in the stratosphere of the scattered UV radiation provides a
measurement of the total atmospheric ozone, after addition in the total
ozone algorithm for these satellite data of a small correction for cli-
matologically averaged ozone for the unmeasured lower tropospheric
ozone. The BUV instrument on Nimbus-4 was designed in the 1960s for
a single year’s ozone observations, to both explore the utility of this
technique and provide a global map of the O3 data for 1970. Excellent
data were obtained over a two-year period, and fragmentary data were
received for several more years as the satellite power source limped beyond
its design period (40).

Two ozone-measuring instruments were included on Nimbus-7, which
went into orbit in October 1978: TOMS (Total Ozone Mapping Spec-
trometer) and SBUV, an improved version of the original BUV device
(14). The SBUV instrument focused constantly in the nadir and recorded
data at manly wavelengths in the UV, thereby providing both a measure-
ment of total column ozone and some indication of its vertical distribution,
because radiation at the shorter UV wavelengths is received only from
stratospheric: scattering. In contrast, TOMS furnished data only on total
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ozone, but swung constantly through many oblique angles, as well as the
nadir, thus providing hundreds of thousands of total ozone measurements
daily from all latitudes except those shrouded in polar darkness.

An important limitation for decade-long trend analyses with both
TOMS and SBUV was that their routine calibration relied upon daily
observation of solar radiation scw:tered from a metallic "diffuser plate,"
which was slowly degraded over time from exposure to direct, unshielded
solar radiation (14). The standard ~Llgorithms applied to TOMS and SBUV
data corrected for most of this aRe:ration of the diffuser plate, but accurate
calibration was finally obtained by comparison of the ozone data recorded
by the satellite coincident with ow~rpasses over each ground station. The
averaged data recorded by TOMS in its 14 complete orbits on June 29,
1979, are shown in Figure 9 in comparison with the single Dobson reading
on Mauna Loa on that date. (Precise intcrcomparison includes several
minor corrections, including the altitude difference between the 3400 meter
height of the Mauna Loa Observatory versus the average height of the
area integrated by TOMS.) Daily overpass data are available for every
sunlit ground station, so that excellent statistical comparisons can be made
between the ozone concentrations reported by the satellite and the Dobson
stations on the ground (14).

Because the degradation of the diffuser plate on the satellite was a slow
process that extended over a deck.de, the daily overpass data can be used
to determine the validity of the data from each individual ground station,
whose near-identical Dobson ins.truments differ widely in frequency of
recalibration, care in upkeep, and skill and training of the operators. Then,
over the period of a decade, coraparison of the overpass data with the
well-run ground stations allows a final Normalized-to-Dobson network
adjustment of the algorithm used for the satellite ozone data. This cross-
combination of the ground and satellite measurements provides an ozone
measurement system superior to ,either by itself. Ultimately, however, the
trend data from the combined ~ystem depends upon the constancy of
behavior of the International Standard Instrument, and attempts are
underway to provide a separate, on-board calibration system for the sat-
ellite instruments.

During the past two decades.., careful measurements of tropospheric
ozone concentrations, especially with balloon-borne ozonesondcs, have
shown increases as large as 5-10% per year in both Europe and North
America (44, 45). Comparisons with French data from 1870-1890, vali-
dated by current duplication of the century-old experimental procedures,
have shown that the average ground-level ozone concentrations in rural
areas are now about double what they were in the late 1800s (46, 47).
Moreover, the maximum in O3 concentration now arrives in mid-summer,
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rather thau early spring, which is consistent with solar-induced photo-
chemistry as the prime cause of the change. These ozone increases in the
troposphere tend to mask stratospheric depletion in measurements by
Dobson spectrometers, which simply record the total ozone independent
of altitude. In contrast, the TOMS satellite measurements of total ozone
are not sensitive to concentration changes in the lower troposphere, which
occur below the altitudes of primary importance for outward scattering of
solar UV radiation. For this reason, intercomparisons between trends
determined from the Dobson network and TOMS require very careful
analysis of possible influences of variations near the Earth’s surface. Com-
parable, century-old tropospheric data from the southern hemisphere are
not available, but the ozone increases from photochemical smog should
be confined, to areas with relatively high concentrations of both hydro-
carbons and NOx.

ANTARCTIC OZONE LOSS

The total amount of ozone over the Halley Bay, Antarctica, Dobson
station decreased sharply in the 1980s (48) during the first month of spring
(October). The amount dropped from an average of about 310 Dobson
Units (DU) in the decade beginning in 1957 to less than 200 DU by 1984
(Figure 12) and as low as 160 DU by the end of the 1980s (14). 
geographic ,extent of this ozone loss has been vividly illustrated through
the comprehensive coverage of TOMS on Nimbus-7, which has docu-
mented tha~ the decline is initiated in late August, as the sunlight of
approaching spring first penetrates the polar darkness, and is essentially
completed each year by the first week in October, as shown in Figure 13
(13, 14). The area of substantial ozone loss extends from the south pole 
about 60°S latitude (Figure 14) or about one fifteenth of the entire surface
area of the Earth. The daily minimum values of ozone recorded by TOMS
are given in Figure 13 for 1979 and 1987-1990 (14, 49). Clearly, the loss
of ozone shows seasonal and interannual structure that reflects the complex
Antarctic meteorology.

In 1987, 1 !)89, and ! 990, the total global supply of ozone was diminished
by about 3°/,, in one month through losses in the south polar stratosphere.
This region of greatly diminished ozone remains over Antarctica until the
break-up of the polar vortex in mid- to late November, and then patches
of ozone-depleted air move northward and gradually dissipate into the rest
of the global stratosphere. In December 1987, stratospheric air depleted in
ozone over tlhe Antarctic drifted northward over Melbourne (Aspcndale),
Australia, thus bringing the lowest December readings (270 DU for several
weeks) yet recorded there (50). Because stratospheric ozone is constantly
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3OO

200 OCTOBER

, I , , , , I , ", , , I ,
1960 19TO 1980

YEAR
Figure 12 Average October total ozone concentrations over Halley Bay, Antarctica (76°S,
27°E) for 1957-1984. The circles represent observed concentrations of CFC-11 and CFC-12,
graphed with higher levels to the bottom Io illustrate a correlation with ozone depletion.

being both created and destroyed in a dynamic photochemical equilibrium,
these depleted air masses gradually build again toward their normal ozone
values, only to have another rrtassive loss occur during the following
Antarctic spring. The TOMS data, when normalized to the Dobson ground
network, shdw measurable ozone depletion at all latitudes with the larger
losses in the two polar regions.

Both the Dobson and TOMS systems provide data only on the total
column of ozone without regard to its altitude and, therefore, cannot
identify which altitudes are most depleted. However, ozonesondes (bal-
loons carrying an electrochemical, sensor for atmospheric ozone) have been
flown on a regular basis for more than 30 years, many of the programs
having also been initiated during the International Geophysical Year.
These instruments have shown that the Antarctic ozone loss is heavily
concentrated in the lower stratosphere between about 14 and 24 km alti-
tude (Figure 15), In some air masses at these altitudes, which normally
carry the greatest mixing ratios of ozone, essentially all of the ozone is
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AUG-NOV MINIMUM
SOUTH POLAR TOTAL OZONE

300 i ~ ~ -

^ ^. ,,’,.J

~"~~ ~" ~"VO

~~.~.f-~ ~
I.)0 I , ,~ .,...--,

/198 ....... ~ . x ~m-~.~ .
" / 1989 ~ " "

[ 1990 ̄
100/ I I I

213 245 274 304 354

DAY NUMBER (AUG I-NOV 30)
Figure 1~ Daily minimum total ozone concentration recorded by TOMS satellite instrument
south of 60°S latitude for August to November in 1979, 1987, 1988, ~9~9, and 1990.

chemically removed within a period of about 4 6 weeks, as illustrated by
the 15 kin altitude region with the November 5, 1987, ozonesonde of Figure
l 5. The balloon-borne data have been corroborated by measurements from
another satellite instrument, SAGE II, which looks directly at the sun as
it rises or sets for the orbiting spacecraft and provides about 30 vertical
ozone profiles per day spread over the latitude range from 80°N to 80°S
(51, 52). In Figure 16, the close intercomparison between vertical ozone
profiles from an ozonesonde launched from Halley Bay and the Antarctic
SAGE II data for the same day confirms the precision of both systems.
With initial 03 mixing ratios as high as 2 ppmv, corresponding to 4 x 10~2

molecules/cm3, the maximum loss rate for ozone must then be about 10~

molecules O3/day. With C10 concentrations of l ppbv, or 2 x 109/cm3,

the chain reaction efficiency must be sufficient for each C10 chain to
eliminate 50 O3/molecules per day, or one every 30 minutes, and maintain
this rate for six weeks.

CHLORINE CHEMISTRY IN THE ANTARCTIC

STRATOSPHERE

The major losses of ozone during the Antarctic spring were not predicted
by the existing atmospheric models, nor once the phenomenon was known

www.annualreviews.org/aronline
Annual Reviews

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 1

99
1.

42
:7

31
-7

68
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Ir

vi
ne

 o
n 

12
/0

7/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/aronline


756 ROWLAND

90*W

180" O*

~__~12~_~ " OCT. 4, 1990

90*E
Figure 14 TOMS total ozone readings for the southern hemisphere on October 4, 1990.
Heavy lines, ozone contours in Dobson units. Light lines for 80°, 60°, 40°, and 20°S latitudes
and for major land masses.

were they susceptible to successful simulation as long as the chemical
reaction sequences were limited to homogeneous gas phase reactions (53).
Three special US expeditions to the Antarctic were organized: two of them,
in 1986 and 1987, operated from the US base at McMurdo; the third, in
1987, employed both ER-2 and DC-8 aircraft flying from Punta Arenas,
Chile. Antarctic ozone was described in 45 papers in a special issue of
Geophysical Research Letters (54) and again in 62 papers in two dedicated
issues of the Journal of Geophysical Research (55). The combined results
of these three expeditions, together with other experiments, provide a
comprehensive understanding of the ozone-related chemistry of the Ant-
arctic stratosphere. This chemi.stry responds to the special meterological
and physical conditions of the polar vortex. Air maintained in complete
darkness continues to radiate to space in the infrared wavelengths, thus
becoming colder and colder. When the temperature falls to about - 78°C,
the condensation point has been reached for crystals of nitric acid tri-
hydrate, HNO3" (H20)3, (NAT), and these appear as PSCs (Type I) 
roughly spherical drops in the 1 #m size range (56, 56a). A further decrease 
another five or six degrees ca-ases the further condensation of water ice
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~ zo

I0

VERTICAL PROFILES OF OZONE USING-

ECC SONDES FROM McMURDO

~ 29 AUG 87

~ .... 5 NOV 87

~ ~ I I 1O
o 5o ~oo ~ 5o 200
OZONE PARTIAL PRESSURE (nb)

Figure 15 Vertical distribution of ozone as measured over McMurdo, Antarctica, by
balloon-borne electrochemical sensors in late winter (Aug. 29) and mid-spring (Nov. 

on the existing crystals, thus forming PSC Type II clouds with larger,
amorphous sJhapes (57, 58). Both types of clouds furnish particulate sur-
faces capable of supporting heterogeneous catalytic reactions between
compounds whose gas phase homogeneous reaction rates are effectively
zero.

The existence of the clouds has been demonstrated by variations in the
emission from the atmosphere to an overhead satellite of 1 #m infrared
radiation, witlh information about the particle shapes deduced by probing
the stratosphere with polarized infrared radiation and measuring the
degree of depolarization in the return (56, 56a). Additional particulate material
is periodically introduced into the stratosphere by volcanic explosions, the
two most prominent being St. Helen’s in 1980 and E1 Chichon in April
1982. The PSCs produce increases in optical depth, measured at 1.06 #m
from 10-3 to about 10-2 in the Antarctic (Figure 17) before and after the
El Chichon eruption (volcanic eruptions are shown with vertical arrows).
Mid-winter spikes in optical depth appear in the Arctic in 1980 and 1981,
and then reappear over the E1 Chichon background in 1986. The effects of
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60-

i0;~ ~ I , I , I ~
o 50 ~0o ~50 zoo

OZONE tPARTIAL PRESSURE (rib)

Figure 16 Vertical distribution of ozone as measured by SAGE II instrument on ERBS
satellite (horizontal bars) on October 7, 1987, at 72°S versus ozonesonde measurement from
Halley Bay, Antarctica, on the same day (solid line) and typical ozonesonde data in mid-
August.

E1 Chichon gradually faded away during the late 1980s, and the particulate
polar concentrations were almest back to the levels observed in the pre-
1982 stratosphere prior to the Pinatubo eruption in June, 1991.

The heterogeneous reactions on PSC surfaces have two consequences
of prime importance (58 62). As also occurs in other latitudes, the daylight
nitrogen oxides, NO and NO2, are always converted in darkness, first by

reaction with Ot to form NO3 and then with another NO2 molecule to
form N205. In the presence of PSCs, this sequence is pushed further as
N~O5 reacts with H20 on the particle surfaces to form nitric acid, which
is then sequestered in the cloud as NAT. As these particles grow in size,
they can become heavy enough to fall under gravitational forces and both
denitrify and dehydrate the air mass in which they form. Even without
gravitational separation, effectively all of the nitrogen oxides can be
trapped in the cloud particles, unable to participate in gaseous reactions.

Several chemical reactions involving chlorinated molecules are also cata-
lyzed by the particulate surfaces of the PSCs, including Equations 20 and
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SAM II (1 Ftm) POLAR STRATOSPHERIC OPTICAL DEPTH
OCTOBER 1978- JULY 1989

.z -
-~ t I t t ff I t

ttt t ff
1979 1980 1981 1982 198:5 1984 198,5 1986 1987 1988

YEAR
Figure 17
July 1989.

759

Optical depth at 1/~m in polar regions, as measured by SAM II, October 1978-

21. Again, the nitric acid is incorporated into the PSCs, but both C12 and
HOC1 escape from the surfaces back into the gas

HCl + C1ONO2 --+ C12 q- HNO3 20.

H20 + C1ONO 2 ~ HOCl + HNO3 21.

phase. These reactions were shown to take place very rapidly on various
nominally inert laboratory surfaces (62), and incorporation of these reac-
tions into atmospheric models in 1984 had already indicated potentially
very large increases in estimates of future stratospheric ozone depletion
(36). However, the key question for semi-quantitative application to atmo-
spheric calculations was whether such reactions could occur on ice surfaces
and, if so, with what magnitude accommodation coefficient. Conventional
wisdom indicated coefficients in the 10-5 to 10-6 range, at which the rates
of conversion of HCl and ClONO2 into more photosensitive compounds
would be unimportant for the stratospheric context. However, careful
laboratory experiments demonstrated that the accommodation coefficients
for both Equations 20 and 21 were in the range of 0.1-0.01 (58-60) and,
therefore, of major importance for the atmosphere.

Molecules such as H20, N205, C120, HOCl, ClONO2, and HNO3 can
all be described as X-O-Y molecules with X or Y = C1, H, or NO2 (61).
All of these appear to react rapidly with exchange of substituents on
catalytic surfaces, and to react with HCl as well. These surface alterations
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Of the usual distributions among nitrogenous and chlorinated molecules
are completed in the polar darkness, thus providing a very different redis-
tribution of chemicals for exposure when the first sunlight of the late
Antarctic winter begins to penetrate the polar darkness. Both C12 and
HOC1 photolyze almost immediately, and the C1 atoms react rapidly with
O3 to form CIO, as they do in the tropic and temperate stratosphere.
However, in the absence of NO2--with the N sequestered in the PSCs as
HNO~--the normal diversion of C10 into the temporary reservoir
CIONO2 cannot occur. At the same time, the formation of HC1 by reaction
of C1 with CH4 is substantially slowed by the low temperatures.

With the usual chain-breaking reservoir formation greatly suppressed
by these chemical alterations, the radical C10 can survive for much longer
periods of time and build to stratospheric concentrations much higher
than those found in the tropical and temperate stratosphere. However, the
scarcity of O atoms, with the long solar path lengths available early in the
Antarctic spring, prevent the completion of the chain of Equation 8 of the
usual C1Ox sequence. Without eitlher NO2 or O as reaction partner, C10
can then react with other free radicals, in particular the dimerization
reaction of Equation 22 (63), combination with HO2 by Equation 23 (53),
or with BrO in Equation 24 (64). The latter reaction releases both C1 and
Br in atomic form, and each can then react again with 03 to reform C10
and BrO.

C10 ÷ CIO + M --* C1OOC1 + M 22.

ClO +HO2 --~ HOCI-t- O2 23.

C10+ BrO ~ CI+Br+O2. 24.

The sum of these processes is then a chain reaction conversion of two
molecules of 03 into three molecules of 02, which operate without the O
atom steps of the chain reactions characteristic of the temperate and
tropical stratosphere. The C1OOC1 and HOCI molecules formed in Equa-
tions 22 and 23 are readily photolyzed with the release of two C1 atoms
and CI+HO, respectively. Again, chain cycles are completed that cor-
respond to the conversion of two molecules of O3 into three of O2. Current
calculations indicate that the C1OOC1 dimer route is the dominant chain
reaction in the Antarctic stratosphere (58, 65, 65a, 66), with the BrO/C10
reaction also playing a significant role and only minor importance for C10
reactions with HOa or O.

Confirmation of the qualitative chemical ideas postulated for the Ant-
arctic stratosphere has been provided by the Antarctic expeditions, and the
data are both abundant and accurate enough for quantitative evaluation of
the ozone loss through the Antarctic spring of 1987. The concentrations
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of C10 attained levels as high as 1.3 ppbv in the altitude range near 18
km, thus providing concentrations high enough to make the C10 dimer-
ization of iEquation 22 the major removal process for C10 radicals. (The
atmospheric chlorine concentration summed over all chemical forms was
less than 1.3 ppbv until the early 1970s, as shown in Figure 4, thereby
explaining why the massive springtime ozone losses over Antarctica did
not appear until the late 1970s.)

The most striking observations of the Antarctic experiments were those
provided by the simultaneous measurement from the ER-2 aircraft at 18
km altitude of the concentrations of C10 and O3 (65, 65a). Results from ER-2
flights on tlhree different days are shown in Figure 18. On August 23, soon
after the ending of the winter darkness at 72°S latitude, a sharp rise in C10
concentratiion after entering the polar vortex was observed, with little
change in 03 concentrations. By September 21, the increased C10 con-
centration in the vortex was now accompanied by a very large decrease in
ozone a logs of 80% in one month. The earlier September 16 data not
only show a large decrease in ozone within the vortex, but because the
vortex edge was rather ragged, demonstrate a strong ClO/O 3 anti-
correlation through many increases and decreases of each.

Atmospheric model calculations indicate relatively little transport to the
northern hemisphere of ozone-depleted air from the south polar region.
However, polar stratospheric clouds also appear in the north polar region
(Figure 17), although not with the intensity and regularity found in the
south (56, 56a). Experiments performed by both ground-based and aircraft
expeditions into the Arctic have demonstrated that chemical conditions
exist that closely resemble the Antarctic ozone depletion situation, with
C10 concentrations exceeding 1 ppbv (67), and that rapid ozone loss has

PPBV
O.B .23 AUGUST 1987 "

0.4

62 64 66 68 70 72
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16 SEPTEMBER
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o.9 ~~:~..i._.._i ~.o
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0.4
1.0

0~2

o o 0.o
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Figure 18 C10 and 03 measurcments at 18 km over Antarctica in 1987: August 23,

September 16, September 21.
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occurred for a few days in specific air masses (68). The Arctic polar vortex
is, however, much weaker than in the Antarctic, and most air masses
oscillate out of the north polar darkness within a week or two, only to
be replaced by another air mass in which PSCs can form and ozone
depletion can occur. The stratospheric meteorology of the Arctic (69) 
also susceptible to "sudden warmi~tg." In 1989, temperature measurements
on sounding balloons showed that the stratospheric temperature minimum
over Berlin rose from --80°C on February 1 to 0°C on February 10 and
was accompanied by comparable increases over most of the polar regions,
as the cold Arctic air was displaced by warmer air from the south. After
most sudden warmings, the Arctic stratosphere usually does not get cold
enough again during that winter fc,r the formation of further PSCs. Never-
theless, significant ozone losses have been recorded in north polar air
masses (70, 71), and it is likely that.,such polar losses contribute significantly
to the total ozone losses recorded in the wintertime by the Dobson network.
The Airborne Arctic Stratosphere Expedition (AASE) in early 1989 has
been described in 63 articles in ~ special issue of Geophysical Research
Letters (70).

Ozone losses from the temperate/tropical C10 chain of Equations 7
and 8 are predicted to maximize in the upper stratosphere near 40 kin,
whereas the polar CIO chain operates chiefly in the 20 km region. Vertical
profile measurements by SAGE II and the Dobson umkehr technique
(measurements as sunset approaches) have both shown decreases in ozone
at 40 km over the past decade (Figure 19), which are in rough agreement
with the calculated losses and with each other (14). The accuracy of the
vertical ozone profiles by the SAGE II technique is still excellent at 20-25
kin, and the losses indicated at 25 km in Figure 19 are not predicted by
atmospheric models that use homogeneous gas phase reactions alone.
These temperate zone measurements suggest that ozone losses are also
being observed at these altitudes outside the polar regions. The existence
of volcanic particulates, and of sulfuric acid aerosol during quiescent
volcanic periods, provides surfaces on which chemical catalysis can also
occur (72, 73). Contributions to, observed ozone loss at 20 km in the
temperature zone can be attributed to either in situ loss or transport from
the polar regions, and the relative importance of each remains to be
assessed.

MAJOR CONSEQUENCES OF STRATOSPHERIC

OZONE DEPLETION

The depletion of stratospheric ozone can have two major physical conse-
quences in the atmosphere, both of which are ultimately concerned with
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5O

CHANGE IN O:~ CONCENTRATION
VS. ALTITUDE

I

0

SAGE 1984-5 MINUS 1979-80
A N. HEMISPHERE 20-50"
o S. HEMISPHERE

25 DMODEL 1985 MINUS 1979 ~r’~
I~IUMKEHR 1986 MINUS 1979

-20 -~5 -~0 -5 0 5 0
PERCENT CHANGE

Figure i9 Changes in ozone versus altitude, as calculated by atmospheric models and
measured by SAGE II versus SAGE I and by Dobson umkehr.

the role of O3 in absorption of UV radiation. The absorption of UV
radiation by 03 in Equation 3 is usually followed by recombination in
Equation 2, with the result that the incoming solar energy is converted
into heat at the altitude at which absorption takes place. This conversion
of UV energy into heat is the ultimate cause for the existence of the
stratosphere itself, because a heat source in the upper stratosphere is
necessary to maintain the higher temperature at 50 km than at 20 km.
Although the UV absorption cross sections of O3 in the 220 290 nm range
are sufficiently strong (4) to ensure that atmospheric absorption would
still occur even with 50% reduction in ozone, lesser ozone concentrations
in the upper stratosphere decrease the strength of the heat source at those
altitudes and are expected to lead to lower temperatures from about 40
km up to the stratopause at 50 km (74). For these UV wavelengths, the
important factor is not necessarily how much ozone there is in a total
vertical column, but the vertical profile of the ozone distribution, especially
in the higher altitudes. A redistribution toward lower altitudes of the same
total amount of ozone results in an altered temperature gradient, with
less heat in.troduced above and more below. Satellite observations of
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stratopause temperatures indicate a global average decrease of 1.7 _+ 1.0 K
over the past decade (14). The increased absorption of terrestrial infrared
radiation by CO2 and other trace gases--the greenhouse effect--is also
expected to make an additional smaller contribution to cooling at the
stratopause. The combined predicted temperature loss is consistent with
the observations.

The other major effect is concerned with UV radiation with wavelengths
between about 280-320 nm, whic]~ is frequently designated as "UV-B," in
contrast to UV-A (320-400 nm), and UV-C (shorter than 280 nm). 
this region, the normal amount of 03 is sufficient to cause only partial
atmospheric absorption, with the remainder penetrating to the surface.
Lesser amounts of total ozone then allow transmission of higher per-
centages of UV-B to the surface and to all biological species exposed
to solar radiation at the surface:. Direct measurements of atmospheric
penetration by UV-B have been made in only a few locations, but the
standard Dobson instrument me~tsurement of ozone is actually a physical
measurement of the relative penetration of a UV-B wavelength (e.g. 311.45
nm) versus a UV-A wavelength (e.g. 332.4 nm). In the latter instance, 
measurement of an increase in the ratio of radiation received at the instru-
ment at 311.45 nm versus 332.4. nm is reported as a decrease in total
column ozone. Because no indication exists that UV-A (or visible) solar
radiation has changed even as much as 0.1% over time, Dobson instrument
reports of reduced ozone concentrations represent observations of
increased levels of UV-B radiation.

Measurements of UV-B radiation have been reported with Robertson-
Berger UV monitors in the United States (75), Switzerland (76), 
Australia (77). Figure 20 illustrates the 24-hour response of one such
instrument at Bismarck, North Dakota, for June 20 and for several days
in April, including the arrival on April 19 of thick clouds that reduced
daytime UV-B intensities nearly 1:o zero. The wintertime UV-B exposures
in Bismarck are reduced from the summertime values by a factor of almost
20. Unlike the strongly collimat,ed Dobson instruments, which measure
direct UV transmission from the sun at particular wavelengths, the Robert-
son-Berger meters integrate over a 180° acceptance angle, with a wave-
length weighting factor set to mi~aaic the erythemal (sunburn) response 
human skin. Such an instrument located at the Jungfraujoch in the Swiss
Alps has recorded an increase in UV-B radiation over the past decade (76),
in basic agreement with the Dobson instrument indications of reduced
ozone concentrations. In contrast:, the US-based instruments have, for the
most part, recorded slight redttctions in total UV-B since 1974 (70).
Because these instruments are generally located in semi-urban areas, the
known increase in tropospheric ozone may have reduced the amount
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Figure 20
21.
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UV-B readings for six days in Bismarck, North Dakota: June 20 and April 17-

of scattered UV-B radiation that arrived along horizontal paths to the
instrument at the same time that direct UV-B radiation was on an increase
(78). The measurements in Australia coincided with a marked decrease 
stratospheric ozone from the break-up of the Antarctic ozone hole of 1987
(50, 77). In this instance, the measured UV-B under clear sky conditions
showed the expected marked increase; however, a presumably fortuitous
increase in average cloudiness over the same period reduced the number
of hours of major UV-B exposure, so that the total UV-B was essentially
unchanged (77).

The most important direct consequences for humans of an increased
UV-B exposure are believed to involve the various types of skin cancer,
eye cataracts, and possibly deterioration of the immune response system
(79-81). Stnadies of other biological systems have indicated that many 
these arc also under UV-B pressure in the natural surroundings. Further
discussion ,of these potential biological responses is beyond the scope of
this review.

REGULATION OF GLOBAL CFC EMISSIONS

Controls o:n emissions of CFCs to the atmosphere were first announced
in 1976 in the US, and were then extended to Canada, Norway, and Sweden
in the late 1970s (24). These controls applied only to their application 
propellant gases in aerosol sprays, but not to other uses as refrigerants,
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plastic foam-blowing agents, or cleaning agents for electronics. An inter-
national agreement, which was re.ached in Montreal in September 1987,
called for 50% reduction in yearly emissions by 1999. This Montreal
Protocol was strengthened in Lond!on in June 1990 to bring about complete
cessation of CFC emissions by the end of the century. Figure 4 illustrates
the extrapolated values of organochlorine concentrations in the tropo-
sphere for continued emission at 1986 levels, the reduced emissions under
the Montreal Protocol of 1987, and the elimination of CFC release by the
year 2000. The very long atmospheric lifetimes for the CFCs ensure that
the organochlorine concentration will decrease only very slo~vly, thus
continuously supporting stratospl~eric ozone depletion during the twenty-
first and twenty-second centuries. An entire issue of the Swedish journal
Ambio was devoted to the scientific and regulatory problems associated
with ozone depletion by chlorofluorocarbons (82).
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