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Since the discovery by Farman et al. ( 1985) of a sharp drop in the springtime 
ozone column over Halley Bay starting in the mid-l 970s, there has been a 
great deal of speculation about the causes of this dramatic and probably 
unprecedented change. Severa( theories have been proposed invoking solar 
cycle effects , changes in circulation patterns, or the possible effects of 
chlorofluorocarbons (CFCs) . At the time of the discovery, observations of 
atmospheric parameters needed to validate or reject these theories 
were either not available or too sparse to provide the required 
information. A first expedition was organized to collect measurements from 
the U .S. station of McMurdo in spring 1986. A larger campaign took place 
in August and September 1987, during which measurements were taken 
from two aircraft based in Punta Arenas , Chile , and flying at about 11 and 
18 km. Again, measurements were made from the McMurdo station . 
Additional observations made at the Japanese station of Syowa . the British 
station of Halley Bay , the U .S. station of South Pole , the Forster station 
of the German Democratic Republic , the Scott Base of New Zealand , as 
well as ozone and meteorological data provided from satellite instruments 
such as TOMS , SBUV, SAGE Il, and operational meteorological satellites 
are also available. 
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In this report, we discuss some of the key issues as well as some important 
unresolved problems related to the rapid ozone change over the Antarctic 
continent in August , September, and October. The morphology of ozone 
and temperature changes will first be discussed , as will the fo rm ation and 
morphology of polar stratospheric clouds (PSCs) becàuse of their potential 
importance for.the release of active chlorine from chlorine reservoirs. Recent 
observations of trace gases, which provide useful information to validate 
chemical as well as dynamical theories, will then be d iscussed. It is important 
to determine whether the chemistry is sufficiently perturbed to destroy 
ozone in periods of the order of one month o r less and to establish what 
processes are responsible for the ozone reduction. ln particular, the role of 
heterogeneous processes, which are believed to be importan t in the cold 
polar stratosphere, will be discussed . Also , the present status of dynamical 
theories in light of the recent observations will be addressed . Two questions 
will be raised in conclusion: (a) Do we now understand the time evolution 
of Antarctic springt ime ozone over the last 20 years? and (b) What are the 
implications of the observed depletion for the global Earth system, today 
and in the future? 

THE MORPHOLOGY OF THE ANTARCTIC OZONE DECREASE 

The primary ozone decrease since the mid-1970s has occurred in the cold 
southern polar vortex region in the early spring. There is evidence from 
sate llite measurements of total ozone that the decrease is no t ent ire ly 
confined to the cold polar vortex but that lesser changes extend outward to 
about 45°S through the warm circumpolar ring of higher total ozone 
(Stolarski, this volume). 

Measurements from McMurdo in 1986 (Hofmann et al. 1987) indicated 
that the alt itude of the ozone-depleted region ranged from 12-22 km. 
Measurements in 1987 over Halley Bay (Farman 1987) , shown in Fig. lb , 
indicate that the main depletion region was slightly higher in a ltitude. SAGE 
II measurements (McCormick , private communication) show a clear 
difference between inside and outside the vortex at alt itudes up to 1 mb 
(Fig. l a) but show no signi ficant year-to-year change within the vortex 
above approx imate ly 30 km. A question re lated to the altitude dependence 
is whether there is an ultimate lower limit for column ozone amounts. If 
the effect is confined to a 10 km band near the ozone peak , the 1987 
minimum data within much of this region are almost as low as possible. 
U nless the effect spreads to include higher and/or lower altitudes, it will be 
difficult to find significantly lower total ozone amounts. Although the major 
ozone decrease occurs during the spring, there is evidence of smaller changes 
during other seasons. They may be related to dilution effects fol lowing the 
breakdown of the polar vortex ( discussed la ter in this chapter) and need to 
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be confirmed to the extent possible by an intercomparison of ail available 
sonde, satellite , and Dobson data. ln September , when measurements in 
the sunlight just outside the polar night are beginning to show a significant 
decrease in the total ozone, polar night measurements at the South Pole 
(Komhyr et al. 1987) seem to indicate that ozone there has not yet changed . 
This needs confirmation as it clearly seems to indicate the role of solar 
radiation. 

The beginning of the decrease appears to be in August when ·•mini-holes .. 
appear at latitudes just outside of the polar night. These usually last a few 
days and then disappear. Eventually , by about mid-September. several of 
these holes appear together and seem to conglomerate into one large region 
of low ozone within which the ozone levels continue to decline through the 
first week in October. lt is not yet clear whether or not there is any causal 
connection between the mini-holes and the overall pole-centered ozone 
hole . More evaluation of the meteorological data in relation to their 
formulation is needed . 

Ali of these changes are superposed on an uncertain and highly variable 
background ozone distribution. Measurements prior to the mid-1970s were 
limited. From the available measurements it appears that the latitude 
distribution of total ozone always had a springtime polar minimum in the 
South, although it was very shallow. This was surrounded by a highly 
variable circumpolar maximum. 

TEMPERA TURE V ARIA TI ONS OVER ANT ARCTICA 

The existence of interannual variations in mean polar temperatures in winter 
is now well established. However, the cause of these changes and their 
consequences on the polar ozone variations remain an open question. For 
example , there is clear evidence that the northern stratosphere was col der 
and the polar vortex stronger during the winters following the volcanic 
eruption of Mount St Helens and El Chichon. The intrusion of particles of 
volcanic origin might have played a role in also delaying the timing of the 
final warming over the South Pole. There also appears to be a relationship 
between the decreased ozone values in the mid-1980s and declining October 
mean temperatures (Mahlman and Fels 1986; Fig. 2). No evidence is 
available for corresponding temperature decreases in August and September. 

The correlation between total ozone and 50 mbar October temperatures 
is known from recent observations to be very high (e.g., = 0.8 for Syowa, 
or = 0.6 for the South Polar station) but the slope of the correlation changes 
after 1981. Since 1982, the total ozone values are clearly lower than expected 
from the correlation suggested by the earlier measurements (Labitzke 1987); 
see Fig . 2. This abnormal behavior provides indirect evidence for perturbed 
chemistry. 
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Fig. la-Vertical profile of the ozone partial pressure (nbar) observed by the SAGE 
II instrument on October 7, 1987. The curve labelled "in the hole" represents the 
lowest abundance of ozone measured at 72°S, and the curve labelled "outside the 
hole" shows a profile measured at the same latitude but outside the region of high ly 
depleted ozone (McCormick, persona! communication , 1987) . 

THE MORPHOLOGY OF POLAR STRATOSPHERIC CLOUDS 

Remote sensing measurements made by the satellite sensor SAM II starting 
in late 1978 have shown that more stratospheric clouds exist in both winter 
polar regions than had been realized by earlier visual sight ings. They were 
named polar stratospheric clouds (PSCs) (McCormick et al. 1982) and found 
not to be just confined to the lee side of mountain ranges , but were strongly 
associated with synoptic-scale regions ofvery cold stratospheric temperatures . 
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Fig. lb- Vertical distribution of the ozone partial pressure (nbar) and volume 
mixing ratio observed at Halley Bay st ation on August 15 . 1987 (high values) and 
October 13 , 1987 (low values) respectively (Farman, persona! communication , 1987). 

The first idea put forth to describe the initial data was that the clouds were 
probably formed by the deposition of water vapor into the preexisting 
stratospheric aerosol droplets (made of sulfuric acid and water) at 
temperatures below the frost point. Recent studies have proposed that PSCs 
font] initially at temperatures above the frost point as solid solutions of 
nitric acid and water rather than as solely pure water ice (Toon et al. 1986; 
Crutzen and Arnold 1986). McElroy et al. (1986) supported this idea of 
PSC formation by co-deposition of HNO3 and H 2O vapors but suggested 
that the cloud particles would be acid-rich or acid-poor HNO3 hydrates. 
Figure 3 , from McCormick and Trepte (1987) , shows the SAM II weekly 
averaged polar stratospheric optical depth record at 1 µm wavelength for 
the years October 1978 to December 1986. Both polar regions clearly show 
that the overall aerosol trend is driven by major volcanic eruptions, which 
are annotated on the abscissa with their eruption times. The largest increase 
in this record was caused by the April 1982 eruption of El Chichon. In 
addition, the Antarctic record clearly shows yearly enhancements in austral 
winter caused by the presence of PSCs . (See, for example , the large order 
of magnitude enhancement from June to September, 1979.) This signature 
is repeated each year even in the presence of the strong volcanic levels after 
the El Chichon eruption . 

Another feature shown in the Antarctic record of Fig. 3 is the noticeable 
minimum occuring each year in October. At this time the vortex is still 
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Fig. 2- Relation between the monthly average ozone column and the 50 millibar 
temperature over the South Pole in October between 1961 and 1985 . 
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well-formed with SAM Il measurem ents occurring within the vortex-the 
minimum indicating that a cleansing has occurred between the pre- and 
post-PSC period. Subsidence of the air in the major alt itude region of 
aerosols and PSCs (10-25 km) is probab ly not strong enough to cause this 
cleansing over this period , nor could the sed imentation of aerosols of PSCs 
normally thought to be Jess than or equal to about 1 µm. Recent studies 
by Poole (1987) and Poole and McCormick (1988a) with experimental 
evide nce given by Poole and McCormick ( 1988b). however , support the 
suggestion that these particles have more th an one growth mode delineated 
by tempe rature. A stage of ni tric acid trihydrate deposition is interposed 
between the two stages of cloud growth ass umed in earlier PSC studies; 
that is , between the aeroso l droplet precursors and ice particles . Figure 4 
shows the calculations for three specific temperatures : the end of the 
precursor stage at about 195 K; just prior to the end of the HNO.1/H2O 
deposition stage at about 191 K; and below the frost point at about 189 K. 
About 80% of the nitric acid and 30% of the water vapor supplies may be 
sequestered in the relatively large 8 µm diameter PSC particles formed at 
and below the frost point temperature. These large particles would fall at a 
rate of about 2 km per week, fast enough to produce the October cleansing 
shown in Fig . 3, also suggesting that PSCs may act as a sink for stratospheric 
trace gases, in this case HNO :i and H 20 . lt might be possible for other 
gases to condense like HCI and, at a minimum , to redistribute in altitude 
certain stratospheric gases. 
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Fig. 4-Evolution of the nonvolcanic particle size distribution at 70 mbar with 
temperature . Cooling rate -0.SK/day (McCormick, persona! communication , 1987). 
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Figure 5 shows the SAM II weekly averaged aerosol extinction ratio 
(aerosol extinction divided by molecular extinct ion) for Antarctica as a 
fonction of time for the years 1980, 1982, and 1984 (McCormick and Trepte 
1986). As previously described, it also shows the vertical extent of PSCs 
correlated with cold temperatures, the subsidence/sedimentation that takes 
place during each wintertime period, the relative minimum in October, and 
the large overall increase in stratospheric aerosols after the April 1982 
eruption of El Chichon in the Southern Hemisphere sta rting in approximately 
November 1982. 

A number of measurements would further the understanding of PSCs and 
the mechanisms involved in their formation. Accurate temperature, water 
vapor , compositional measurements, and vertical velocity measurements 
would ail be helpful , as would of course more measurements of their spatia l 
and time variability . There are a lot of studies that can be done, however, 
without obtaining new data , but rather by using the data already obtained 
by SAM II and lidar measurements. These would include studies attempt ing 
to determine if there has been (a) an increase of Antarctic PSCs over the 
past winters ; (b) an increase in the vortex period before vortex breakdown; 
(c) an increase in low altitude PSCs; and (d) a change in altitude distribution 
of PSCs. Because of the correlation of PSCs and cold temperature, areal 
maps of temperatures less than ca. -80 and -85°C at 70 and 50 mb would 
also be useful in determining the area versus time where PSCs are probable. 

OZONE DESTRUCTION 

The destruction of ozone in the stratosphere is catalyzed by the presence 
of nitrogen oxides and ch lori ne oxides. Genera lly , these processes are slow 
in the lower stratosphe re so that the rapid destruction of ozone, appearing 
in the polar region after the return of solar light, becomes possible on ly if 
the abundance of these catalysts is several orders of magnitude large r than 
observed at midlatitudes. Observations of odd nitrogen species in 1986 and 
1987 suggest that the densities of NO y, HNO3 , NO, and NO2 are so low 
that the rapid destruction of ozone cannot be attributed to act ive nitrogen 
produced in the thermosphere and transported into the lower stratosphere 
in the very stable polar vortex . This possible explanation was invoked to 
link the springtime ozone dep letion to solar activity, which affects the 
production of odd nitrogen above 100 km altitude. 

If active chlorine is released from reservoirs, such as CIONO 2 and HCI 
(which are the most abundant odd chlorine species in the lower stratosphere 
under "standard" conditions), different catalytical cycles could be responsible 
for the destruction of ozone. Below approximately 25 km, where the 
concentration of atomic oxygen is very low, several possible cycles have 
been considered. The efficiency of the fo llowing cycle 
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Fig. 5-Contour plots of SAM II weekly averaged extinct ion ratio at I µm. (a) 
1980; (b) 1982; and (c) 1984 (McCormick and Trepte 1986). 
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Net: 

Cl + O:c --i>CIO + 0 2 

OH + O r ~HO2 + 0 2 
CIO + HO2---;. HOCI + 0 2 

HOC! + hv---;. OH + Cl 

(1) 

is diffi cult to assess since the abundance of HO2 in the polar stratosphere 
in spring is not known. Wi th HO2 densities si milar to the midlatitude values , 
and even with CI O concent rations as large as 1 ppbv , this cycle al one ca nnot 
account for the observed ozone trend in spring near 15-20 km. But if the 
amou nt of odd hydrogen rad ica ls is signi fi cantly en hanced , it co uld play a 
major ro le . 

A seco nd cycle (McElroy et al. 1986) 

Net: 

Cl + O 1---;.CIO + 0 2 
Br + O .,---;. BrO + 0 2 

BrO + CIO---;.Br + Cl + 0 2 

(2) 

requ ires the presence of bromin e . Wi th the recen t measurements of BrO, 
suggesti ng a mixing ra tio of only a few pptv at 18.5 km alt itude , this cycle 
couic! contribute to at most 10% to 20% of the ozone destruct ion at 18.5 km 
but cannot be the dom inant loss mechan ism at this level. 

Finally , the fo llowing cycles (Molina and Molina 1987) 

Net : 

2(Cl + 0 .,---;. CIO + 0 2 ) 

CIO + CI O--;. C1 2O 2 

C1 2O 2 + hv---;. Cl + CIOO 
CIOO + M---;.CI + 0 2 + M 

and (Mol ina et a l. , submitted) 

Net : 

2(Cl + 0 .,)- CIO + 0 2 

CIO + CIO--;. Cl 20 2 
Cl2O 2 + M---;.Cl2 + 0 2 + M 

Cl2 + hv---;. 2CI 

(3) 

(4) 
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are other potential ozone destruction mechanisms which can, within a factor 
of two . explain the observed ozone destruction if the abundance of CIO is 
of the order of 0.5-1 ppbv and if the measured value of the rate constant 
for the rate limiting step (i.e., CIO + CIO- Cl 2O 2 ) is correct. Measurements 
of lower stratospheric CIO by deZafra et al. ( 1987) a nd P. Solomon et al. 
(1987), with a millimeter wave spectrometer during the 1986 Antarctic 
spring, showed that the CIO mixing ratio in the region around 20 km was 
close to l ppb. These measurements further showed that the lower 
stratosphere CIO re mained high during most of September but declined (see 
Fig. 6) substantially by mid-October , providing further evidence for a 
coincidence between excess CIO and the time of ozone depletion. 
Measurements of OCIO (S. Solomon et al. 1987) showed additional evidence 
of peculiar chlorine chemistry. More recent measurements , made by 
Anderson during the 1987 aircraft campaign, indicate that the CIO abundance 
reaches these high values at 18.5 km a ltitude inside a sharply defined region , 
appearing to be a ·'chcmical containment vesse!" (CCV). Outside this region , 
the mixing ratio of CIO is a factor of approximately 100 lower than inside 
the CCV, but is still a factor of about 10 higher than at midlatitudes at the 
same level. No data of CIO from this experiment is available above 18.5 km. 
Below 18 km, the mixing ratio of this radical decreases rapidly. so that the 
cycles described above cannot quantitatively explain the observed ozone 
loss at much lower altitudes. The rapid falloff in CIO with altitude is not 
understood and suggests that the processes involved in controlling the 
abundance and partitioning of chlorine need to be more fully studied. One 
problem that needs to be addressed is the behavior of OCIO. OCIO is one 
of the products resulting from the CIO + BrO - Br + OCIO reaction . 
Day-to-night ratios observed in 1986 at McMurdo appear to be significantly 
lower than suggested by mode! calculations. Since the observed abundance 
of BrO is only a few ppt, another production mechanism of OCIO may 
need to be suggested. The photolysis of Cl 2O 2 could result in the formation 
of Cl and OCIO if the structure of the dimeric Cl 2O 2 is CIOCIO rather than 
CIOOCI. The formation of OCIO would lead to a nul! cycle. and thus no 
ozone destruction would take place through this cycle. The formation of 
Cl 2 + 0 2 as products of the dissociation of Cl2 O 2 should a lso be considered. 
Laboratory work dealing with these questions is urgently needed. 

Despite these uncertainties, strong negative correlations between CIO and 
0 3 , observed at 18 .5 km on a macro- as well as on a microscale during the 
second half of September, strongly suggest that chlorine plays a major role 
in the formation of the "ozone hole. •• 

Measurements of chlorine reservoirs have also become available. The 
abundance of HCI in the CCV, as measured by infrared techniques , appears 
to be extremely low, so that the existence of a strong transformation 
mechanism of HCI into free chlorine or the eventual condensation of HCI 
vapor onto particles must be considered. There is no measurement of HOC! 
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Mc MURDO, ANTARCTICA, 1986 

-&, 15<h<20km 
~ l5<h<22km 
+ 15< h<24km 

-o.5 LL..,~~,'-o~~-'20~~~3,_o~~_...,0~~~20 

SEPTEM8ER OCTOBER 

Fig. 6-Observed trend in lower stratospheric CIO over McMurdo Station (Salomon 
et al. 1987) during September and October 1986. The mixing ratios are assumed to 
be constant over the altitude range from 15- 20 km (circles) , 15- 22 km (crosses) , 
and over 15- 24 km (diamonds). The dashed lines connecting the data are meant 
on ly as a guide . 

availab le , but relatively high column values of CIONO2 compared to 
midlatitudes have been observed (Farmer et al. 1987). 

Inside the CCV, it is observed that the lower stratosphere appears to be 
highly dehydrated and denitrified. In this region , chlorine can thus very 
efficiently attack ozone molecules if reservoirs such as HCI and CIONO2 

are converted into active chlorine. We still need to understand why high 
CIO amounts are produced in the chemical containment vesse! which is 
close to , but does not exact ly coïncide with, the meteorological polar vortex. 
This question will be addressed in the next sect ion. 

FORMATION OF ACTIVE CHLORINE 

The measurement of high CIO concentrations suggests that chlorine atoms 
are liberated in the chemical containment vesse!. Solomon et al. (1986) 
proposed that surface catalyzed reactions on ice particles of HCI with 
CIONO2 and of CIONO2 with H 2O would produce the required quantities 
of active chlorine to destroy ozone over less than a month. Solomon et al. 
(1986) and McElroy et al. (1986) also suggested that nitrogen oxides could 
be efficiently converted to gaseous HNO3 through reactions of N2O5 (and 
CIONO2) with H2O on the surface of these ice particles. More recent ly, 
however , Molina et al. (1987) showed that photolytically active chlorine 
(Cl2 ) is liberated in the gas phase from a collisional reaction of CIONO2 on 
the surface of ice containing dissolved HCI, whereas the other product , 
HNO3 , remains in the condensed phase. Since HCI molecules dissolve 
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readily in the ice, this mechanism (which will be considered with further 
details in the next section) could play a significant role in the formation of 
active chlorine. 

lt was also recognized by Toon et al. (1986) and by Crutzen and Arnold 
(J 986) that the aerosol particles in the polar stratospheric clouds could be 
composed of nitric acid and water in roughly the same mass fraction. If 
HNO:, condenses on background atmospheric aerosols and disappears from 
the gas phase, the most efficient OH destruction mechanism is suppressed 
and the OH density in the lower stratosphere could reach values as high as 
107 cm - J. The presence of these large OH abundancies should lead to a 
rapid transformation of HCI into free chlorine and subsequently to the 
formation of CIO. This latter mechanism does not involve chlorine reservoir 
species in the surface catalyzed reactions but introduces a critical dependence 
of the ozone destruction efficiency on atmospheric temperatures . Also , as 
in the case of the Solomon et al. (1986) mechanism, it restricts the ozone 
destruction to about 10-25 km altitude. Severa! questions need to be 
addressed to validate these theories. For example, it is important to 
determine if HNOJ effectively disappears from the gas phase (or is 
significantly reduced) during the polar winter season and if large OH 
densities are produced as soon as the sun returns over the pole . Furthermore, 
the mechanisms involved must become efficient as early as late August and 
early September since most of the ozone is destroyed before early October. 
A definitive validation of these proposed explanations requires a clear 
understanding of the details involved in the different potential heterogeneous 
processes occurring in the polar stratospheric clouds. 

THE ROLE OF HETEROGENEOUS PROCESSES 

Ail of the contending theories of ozone hole formation implicitly or 
explicitly involve "heterogeneous" chemical processes (as distinguished from 
homogeneous gas-phase processes) . However , the treatments have been 
largely qualitative in nature, without complete simulations of the physical 
and chemical steps leading to heterogeneous effects. This is a practical result 
of the fact that the heterogeneous processes of interest are not well defined 
by fundamental experimental measurements or physical models. Accordingly, 
treatments employed in atmospheric chemistry models must be rather 
speculative. 

The possibility of heterogeneous chemical effects is strongly supported by 
a variety of observations and analyses , none of which are individually 
decisive. Observations of highly perturbed chemistry within the southern 
winter polar vortex strongly suggest unusual precursor processes outside the 
normal range of behavior of known homogeneous atmospheric chemical 
systems. Much new , and perhaps more conclusive , data will soon be available 
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from the J 987 Ozo ne Hole research proj ect. However , even without this 
critica l data, a re lative ly consistent and logica l argument for substantia l 
he teroge neous reactions can be made . These argum ents have been expressed 
o r developed to varying degrees in num erous papers (Solomo n et al. 1986; 
McE lroy et al. 1986; Crutzen and Arnold 1986; Toon et al. 1986 ; Hamill 
e t a l. 1986; Poole and McCormick 1988a). Th e basis fo r our present 
confidence in these possibilities derives from the fo llowing info rm ation : 

1. the clear establishment of PSC fo rmatio n in the winte r polar vortex (in 
both hemispheres) by sate llite and aircraft observations; 

2. plausible the rmodyn amic arguments on the condensa tion of multicom
ponent solid compounds of H2 O . H 2SO-1, HNO., , and HCI unde r 
conditions representative of the pol ar winte r stratosphere; 

3. the broad consistency of a PSC nitric acid ice fo rmation mechanism with 
obse rved PSC morphology and physical properti es, polar meteorologica l 
parameters, air compositio n data, and aerosol microphysica l principles; 

4. laboratory measurements of ice-cata lyzed chemical reactions that would 
othe rwise occur very slowly under stratospheric conditions. Molina et 
al. (J 987) have de linea ted the foll owing key reactions: 

Cl ON Oh)+ HCl (sol id solution) - Cl2 (g) + HNO., (s) (5) 

CIONOz(s) + H2 O (ice) - HOCl(g) + HNO., (s) (6) 

where -y is the CIONO2 "collision efficiency " for the reactio n (roughly 
005 fo r the first reaction and 0.02 fo r the second reaction) , s = surface 
adsorbate , and solid solution of HCI in ice represents an absorption of 
HCI molecules into the crystal lattice; 

5. the consistency betwee n observed and estimated PSC part icle sedimen
tatio n rates and observed H 2O , NOy, and HNO., deple tions in the lowe r 
winter pola r stratosphere . 

The existence of widespread clouds in the polar winte r stratosphere has 
been established by data from the SAM Il sate llite system launched in 1978 
(McCormick et al. 1979) . (Details of the cloud morphology are di scussed 
elsewhe re in this report and in the scientific literature .) When the "ozone 
hole" problem was discovered in 1985 , it became apparent that the clouds 
might have a role in modifying stratospheric chemistry , leading to accelerated 
ozone destructio n (e. g., Salomon e t a l. 1986) . 

Based on estimates of the rmodyn amic parameters fo r bina ry ices, Toon 
et al. (1986) and Crutzen and Arnold (1986) independently concluded that 
nitric acid/water crystals might condense in the ex tremely cold winte r pola r 
vortex at temperatures above the frost point of water, explaining the 
appearance and properti es of PSCs under certain conditions. Neverthe less , 
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vapor pressure data on HNO.,/H2O ices are lacking , and definite conclusions 
on the precise composition of the condensates cannot be determined. Also. 
HCI probably condenses under polar winter conditions (Toon et al. 1986) 
as --solid solutions"' of HCI in water ice (Molina et al. 1987). Although 
details of the properties of these so lid so lution s are unknown , unde r polar 
stratospheric conditions they would probably be composed of a few percent 
or less of HCI in ice (M. Molina, persona! communication. 1987). The 
formation of nitric acid/ice aerosols and consistency with PSC observations 
are discussed by a number of a ut hors (McCormick and Trepte J 986 ; Hamill 
et al., submitted; Rosen et al., submitted; Poole and McCormick 1988b) . 
The evidence for ni tric acid ice PSCs includes lidar backscatter depolarization 
measurements (Poole and McCormick 1988b) , which indicate the formation 
of relatively small PSC particles in regions with temperatures from about 
190-195 K (the solid nitric acid/water ice regime) and large ice crystals in 
regions with temperatures below about 185- 190 K (the water frost point). 
The direct measureme nt of efficient CIONO2 + HCI and CIONO2 + H2O 
reactions on ice surfaces (Molina et al. I 987) constitutes a major step in 
developing theories of heterogeneous chemistry for the ozone hole. Questions 
remain about other potential heterogeneous processes. Rowland (this 
volume) and others speculate that a number of similar reactions may occur 
in the polar winter stratosphere, e.g., 

(7) 

P.J. Crutzen (private communication) also emphasized that the exothermic 
process mentioned by Rowland (this volume) , 

HCl(solid solution) + HOCl(s)-Clig) + H2O(s) (8) 

could play a significant role. 
Rudimentary evidence exists for the catalysis of such types of reactions 

on surfaces in a la bora tory setting. However , there is no data ava ilable for 
stratospheric conditions, and at the present time these additional mechanisms 
remain speculative. 

U ncertainties in the heterogeneous chemical mechanisms result from a 
lack of information on the thermodynamics of condensation and the 
absorption/adsorption of various compounds on ice at temperatures below 
200 K , the quantitative rate coefficients and mechanisms for specific 
heterogeneous reactions that may affect ozone concentrations , and the actual 
composition and properties of polar stratospheric aerosols and clouds. The 
role of heterogeneous chemistry in controlling ozone photochemistry during 
the polar ozone hole season depends in a complex way on the evolution of 
gaseous species concentrations; the formation, se ttling, and evaporation of 
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PSCs; and the unique vanat1on in solar radiation levels during the period 
of the ozone hole appearance. The processes involved are often compet itive , 
and therefore careful rate determinations are necessary to resolve potentia l 
pathways. Moreover , the po lar regions of interest are not ho mogeneous , 
and substantia l variation with a lti tude , geographica l locations, and time must 
be considered in ana lyses. 

PRESENT ST ATUS OF DYNAMICAL THEORIES 

It has been suggested that changes in the strength of the atmospheric 
circulation and formation of transient rising motions over the pole with the 
re turn of the sun in spring could explain the sudden decrease of ozone in 
September over Antarctica. For dynamics to play a role, a necessary 
requirement is that the tropospheric dynamical forc ing of the lower 
st ratosphere has decreased since the mid-1 970s. The conseq uences of lower 
forcing, as hypothesized by Mahlman and Fels (1986) . can be characterized 
by (a) colder temperature in the polar winter region and a lo nger-lived 
polar vortex (longer Southern Hemisphere winter); (b) higher zo nal winds; 
(c) weaker diabatic circul ation and reduced downward high latitude mass 
flow; (d) decrease in Southern Hemisphere mean ozone; and (e) formation 
of a more efficient polar vortex containment vesse!. As discussed by T ung 
(1986) , assuming the above conditions, a transien t high latitude circulat io n 
ce ll could be fo rmed with rising motions over the pole as the sun re turns 
after the long polar night period. For such a ci rculation to occur the 
Antarctic lower stratosphere must be near its radi ative temperature at the 
end of the winter. 

Analysis of meteorological data as we ll as observat ions of trace species 
recently made ove r A ntarctica have produced some in fo rmation abou t 
potential climatological and dynamical changes relative to the above
hypothesized changes. For example, the re is evidence that the lower 
tropospheric forcing of the st ratosphere has decreased since, as shown by 
Naga tan i and Miller (1987), the vertical component of the Eliassen-Pal m 
flux observed in September has been reduced since 1979. Such a September 
decrease might be expected to result in a corresponding decrease in the 
October polar temperatures, given a typical time lag of a few weeks fo r the 
stratosphere to respo nd to such a change. There is evidence that the 
tempe rature over the South Pole has decreased in the 1980s, at least in 
October (Mahlm an and Fels 1986; Labi tzke 1987), but the existence of a 
year-to-year trend is less clear for August and September. A significant 
trend in the zonal winds and in the me ridional circulation has not been 
clearly estab li shed. However , reduced ozone amounts from yea r to year , 
not only in the polar region but also at midlatitudes in the Southern 
Hemisphere, have been observed by space-borne instruments (SB UV and 



Changes in Antarctic Ozone 251 

TOMS). More importantly. there is now clear evidence that systematic slow 
rising motion does not occur in spring inside the polar vortex. On the 
contrary. the very low concentrations of source gases measured at 18 .5 km 
in August and September 1987. consistent with the reanalyzed millimeter 
emission spectra recorded at McMurdo (Parrish et al. 1988). suggcst weak 
but persistent downward motions in the lower stratosphere in September 
and October. The observed seasonal temperature increase during this period 
has therefore to be of dynamical rather than of radiative origins required 
by the Tung (1986) and Mahlman and Fels ( 1986) hypotheses . This is 
because the Puenta Arenas high altitude aircraft data provides indirect 
evidence for net diabatic cooling inside the polar vortex as the temperature 
slowly warms up in September. 

This conclusion provides strong indirect support for the view that the 
formation of the "ozone hole" arises from efficient chemical mechanisms. 
The late September-October ozone decreases are consistent with dynamical 
control in the sense that the ozone integral poleward of 45°S is nearly 
conserved as the "hole" goes through its last deepening. As the hole deepens 
further, the ozone "high" associated with the midlatitude warm belt 
experiences a virtually simultaneous ozone increase (Stolarski and Schoeberl 
1986). In addition, observations of rapid transient ozone decreases in the 
lower stratosphere have been associated with transport from middle latitudes. 
These processes may play a role in reducing the lower stratospheric ozone. 

To summarize, dynamics appear to play an important role in setting up 
the cold , PSC-containing vortex, which is required for heterogeneous 
processes to occur. The significant differences in the dynamical and 
temperature conditions between the Northern and the Southern Hemisphere 
are consistent with the springtime ozone decrease being unambiguously 
observed at the South Pole rather than at the North Pole. The failure of 
the transient rising motions hypothesis argues in favor of the chemical ozone 
destruction in late August and September. However. the final ozone drop 
may be influenced by three-dimensional dynamical phenomena not yet well 
explained. For example. recent observations of lower stratospheric intrusions 
from lower latitudes suggest a role in desiccation and import of lower ozone 
air. 

CAN WE EXPLAIN THE OBSERVED SPRINGTIME OZONE 
TREND OVER ANT ARCTICA IN THE LAST 20 YEARS? 

The year-to-year variation of the mean ozone column in October over the 
Antarctic station of Halley Bay (see Fig. 2 of Rowland , this volume) exhibits 
a weak downward trend in the 1970s followed by a substantially faster 
decrease after 1980. The reason for this highly nonlinear behavior is not 
clearly understood. A doubling of the Clx abundance, which probably 
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occurred in the last 15 years or so, cannot itself explain a 50% ozone 
reduction without invoking other mechanisms not yet included in current 
atmospheric chemical models. Even if the amount of odd chlorine becomes 
similar or larger than the abundance of odd nitrogen, the nonlinear chemical 
processes occurring under such conditions cannot entirely explain the 
amplitude of the observed year-to-year decrease in springtime ozone or its 
sudden occurrence after 1979. Another cause for the abrupt reduction in 
polar ozone in the early 1980s could have been a cooling of the winter polar 
vortex. The consequence of even a slightly climatological temperature change 
could be increased polar stratospheric cloudiness, since heterogeneous 
nucleation of gases such as HNOJ occurs only if the temperature becomes 
sufficiently low. Below a certain "threshold," NO, and HN03 should start 
to disappear from the gas phase and heterogeneous processes should become 
efficient , contributing to the formation of ozone-destroying agents . Cold 
winters have been observed repeatedly in the past. ln addition , the mean 
polar temperature appears to change with the QBO and probably also with 
solar activity . The amount of partiel es in the stratosphere has varied by 
several orders of magnitude on different occasions after the eruption of 
volcanoes. The persistence of PSCs has increased in 1985 and 1987 with 
PSCs at 18 km lasting into the first week of October, 1987 . There is also 
substantial evidence that the temperatures of the lower Antarctic stratosphere 
in October and November are now col der than in 1979, even though the 
August and September temperatures show little or no change from 1979- 1986. 
Mode! calculations , even those including the effects of some heterogeneous 
processes, do not quantitatively predict the observed nonlinear ozone 
response when the only change is an increasing abundance of odd chlorine 
related to the amounts of chlorofluorocarbons released into the atmosphere 
over the last 20 years. However, the models have not yet full y treated the 
nonlinear behavior of the heterogeneous component of the chemical system . 
Further mode! investigations considering plausible changes in the atmospheric 
environment should thus be pursued. We need to understand, for example , 
why the observed rate at which ozone is depleted during the month of 
September does not seem to increase from year to year, while the rate of 
change predicted by atmospheric models becomes larger as the amount of 
chlorine increases. 

In conclusion , although the preliminary findings from the most recent 
field experiments have provided much insight about the mechanisms involved 
in the Antarctic ozone depletion , it remains difficult at this time to provide 
a global and definitive explanation for the causes of this dramatic phenomenon 
and to understand quantitatively the long-term nonlinear ozone trend. In 
order to study the year-to-year evolution of Antarctic ozone, the relative 
contributions of chemistry and dynamics in the formation of the "'ozone 
hole" need to be accurately determined, in particular, below 16 km where 
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the abundance of CIO is not particularly high and where the classical 
chlorine catalytic mechanisms do not appear to be able to account for the 
observed ozone changes. 

WHAT ARE THE IMPLICATIONS FOR THE GLOBAL EARTH'S 
SYSTEM OF THE OZONE CHANGES OBSERVED OVER 
ANTARCTICA? 

Besides its dramatic character and its sudden appearance, a reason for 
concern about the "ozone hole '' is that the processes, which appear to play 
a decisive role in the polar environment and which are neither fully 
understood nor included in atmospheric models , could be important at other 
latitudes and contribute to a global ozone depletion . 

Since particles are present in the stratosphere at ail latitudes. it is important 
to be able to estimate whether the processes involving heterogeneous 
reactions and possibly leading to ozone destruction could also occur in other 
regions of the atmosphere, particularly near the North Pole. In addressing 
this problem , it is useful to note that the polar temperatures of the Southern 
Hemisphere are , on the average. nearly 10 K colder than those of the 
Northern Hemisphere although the composition and physical properties of 
the aerosols should not be qualitatively different. For example, in the 
Antarctic polar stratosphere. where the temperature reaches 180-190 K at 
10-20 km altitude, the frost point of water vapor can be reached, and large 
ice particles are formed. These may subside and disappea r from the 
stratosphere. In Arctic polar regions. where the temperatures are Jess often 
in the 180-190 K range , a haze of relatively small (HNO1) PSC particles is 
expected to be formed more often than the larger PSC particles . Since the 
Arctic temperature increases at the end of the winter. essentially as a result 
of adiabatic processes, the PSCs should disappea r before the sun returns 
over the North Pole . However, because of the high planetary wave activity 
in the Northern Hemisphere du ring winter , the vortex might be significantly 
displaced from the pole and reach an illuminated environment where 
photochemistry starts to play an efficient role and could initiate ozone 
destruction processes. Except for very special configurations where small 
regions of low temperature are formed, such events might not produce 
dramatic ozone changes , since the particles are not large enough to subside 
and remove active nitrogen from the northern polar vortex and since the 
time required for elevated CIO abundances to destroy ozone is probably 
la rger th an the time during which the vortex is illuminated. Finally. because 
of high dynamical activity and frequent breakdowns of the vortex. substantial 
transport of ozone from midlatitudes to the polar region occurs during a 
large portion of the winter. so that any "'mini-hole'· formed should rapidly 
disappear. Measurements of key chemical constituents in the polar region 
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of the Northern Hemisphere should nevertheless confirm these hypotheses 
and establish whether eventually ozone is substantially changed in limited 
co ld and dynamically undisturbed areas. 

The question of poss ible ozone depletion at midlatitudes as a result of 
heterogeneous chemistry must also be considered since a substantial number 
of particles is present at ail latitudes inside the so-called Junge layer. These 
particles, which are small liquid drops , are composed of a mixture of sulfuric 
acid and water and are thus significantly different from the HNO:i/H 2O 
particles in the polar stratospheric clouds ( or haze). The catalytic efficiencies 
of the particles in the Junge layer are thought to be lower than in the PSCs. 
Furthermore, the mass density of the aerosols in the Junge layer is one or 
two orders of magnitude smaller tha n in the PSCs. Finally, the temperature 
of the lowe r stratosphere outside the polar regions is significantly higher 
(220 K) than in the polar vortex (190-210 K), except over the tropics where 
the Hadley cell produces strong upward motions. Processes similar to those 
hypothesized to explain the formation of the "ozone hole' ' over Antarctica 
are thus very unli ke ly to appear at midlatitudes although some heterogeneous 
processes might periodically become important and lead to ozone destruction 
after large vo lcanic eruptions, whe n the amount of particles in the 
stratosphere may be enhanced by one or two orders of magnitude . 

The possibility of a "dilution effect" of the polar anomaly observed in 
spring over Antarctica must be considered as another poss ible global 
implication of the Antarctic ozone ho le. Since the chemical restoration time 
of ozone in the lower stratosphere is on the order of a year, air masses, 
with depleted ozone amounts, move toward the equator as soon as the 
win ter vortex ceases to exist (November and December). As volumes of air 
with extremely low ozone are transported toward lower lat itudes every year, 
the effects migh t part ly accumulate, and a limited change in the total 
hemispheric ozone content could become noticeable. 

Finally, an interest ing but highly speculative positive fee dback mechanism 
in the evolution of the atmosphere must be considered. The reduction in 
the ozone amount at high latitudes produces a net radiative cooling. If the 
lower ozone is still present the following autumn, a cooler vortex could be 
ma in tained throughout the next winter. Assuming a larger area of PSCs, a 
la rger amount of ozone might be depleted during the second year. The size 
of the CCV might grow , assuming that the region where the temperature 
has decreased is now larger than during the previous year. The zonal flow 
would likewise be increased, so that the propagation of planetary waves is 
modified so as to enhance the stability of the polar vortex. Accordingly, 
the colder pola r regime with lower ozone might tend to maintain itse lf. The 
southern high latitude region could conceivably change from a partially 
dynamically controlled regime into a purely rad ia tive equi librium state . 
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The understanding of the mechanisms involved in the rapid decrease of 
ozone over Antarctica each spring since the mid-l 970s requires a continuous 
intense international research effort , involving additional field experiments 
(in the Antarctic and Arctic regions) , la bora tory work ( dealing with 
homogeneous chlorine chemistry and heterogeneous processes) , and model
ing studies (involving coupled chemical , dynamical , and radiative models). 
The following questions should be urgently addressed: 

1. How is the Antarctic atmosphere preconditioned before ozone is 
depleted in late winter and early spring? Does the chemical composition 
change during the polar night? 

2. Do the observed abundancies of CIO and BrO "quantitatively"' explain 
the observed ozone decrease as a function of height and time? 

3. Are the mechanisms for the formation of polar stratospheric clouds and 
the subsequent role of PSCs in heterogeneous processes understood? 

4. 1s the dynamical morphology of the "ozone hole" understood? 1s the 
relative role of chemistry and dynamics explained? 

5. Can the ozone decrease be explained within a given year? Are the year
to-year changes understood? 

6. Can the region of depleted ozone become wider and deeper? 
7. Can mechanisms similar to those occurring in Antarctica destroy ozone 

at other latitudes (e .g ., at the North Pole)? To what extent will the 
region of low ozone be diluted toward other latitudes in the Southern 
Hemisphere? 
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