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SUMMARY

Extensive ozore losses hae
ooourred over the frctic in the
1900s, ard there is sorre concerm
that seriows depletion epizodes
oould beoorre even ore frequent
over the next 10- 20 vears,
Concentratiors of ozore-
depleting cherrnicals will be at or
near peak lesels during that time,
ard charges o the Archc
stratosphere arising fromeglobal
wertning could create rore
farmrable conditore for
depleton processes.

Large increases in ulbasdolet
radiation at the eartlds surface as
a result of deep ozore depletion
could be highlvdamaging o
sensitive frctc life forrrs. Ceore
logzes over the Archc could also
reduce ozone arroarts over the
rriddle latitudes as aresultof the
triixitg of &rrmasses.

Deep ozone losses over both
the Arctc ard Antarchc are the
result of special corditons that
ooor over polar regions inthe
winter and early spring. As winter
arrives in each hetrisphere, a
wortex of winds dewelops around
the pole and isolates the polar
stratosplere. Without milder air
flowing in fromthe lover

latibhdes and inthe absence of
sunlight, air within the worbes
becorres ery oold. At
termperatures of - 807 or less,
clonds rede up of ice, nitric acid,
ard sulphuric acid begin o
form in the stratosphere, These
are called polar stratospheric
clonuds (PECs), ard they give rise
to aseries of chermical reactons
that destrovozone far o
effectively than the reactons that
take place in wartrer air. The
destactonof ozore begins with
tle wehamn of surlight in the
spring ard contimes mpidly until
the wortex dissipates ard wanrer
temperabhres prevent the
formationof PECs.

i_rer the Antarctic, these
processes conrtronlvlead o the
fonrationof a wassive ozore
hole. Crer tle Arctic, howeser,
ozone arourts have not vet fallen
o the &y low lesvels obeerved in
Antarctca. This is partly becanse
the frctic has rore ozore to
gtart with, bt it is also aresult
af the rrore veriable abrospheric
circulation of the MNorthern
Herrisplere, which makes the
Archic vortex less stable, Az a
result, itmarsions of air friom

the south otten kesp the Aartic
stratosplere too werm for PEC
formatior.

Archic ozone depletion could
be flrther erharnced ower the
text fewr decades, howeser, as a
result of clitnatic changes cansed
b inmreasing saomurlations of
greenbee gases such a8 005 in
the afrrosphere. Although the
buildup of these grses calses
wearring & the earth'’s surface, it
al=zo contributes to cooling in the
stratosphere. Since terrperabhres
in the Arctic stratosphere often
cotre within a fewr degrees of the
threshold for PEC formaton,
further cooling of the stratosplere
could cavse PECs to form roore
frequertly ard inoresse the seserity
of nzore losses. Prelitrninary
shidies with atrmospheric models
suggest that this effect could
delava reoowery of the Archc
ozone lawer by a decade or mmore.

Ananberof nabaral
phenorrena also affect frchc
ozone levels over tinre periods
ranging fimmdats to wears.
These inchud e vweather systerns,
the quasi-biential oscillation
(& perodic resersal of the
directon of stratospheric winds
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over the equator), EL Mitos,

slight: mriatons insolar mdiaton
asgociated with the surepot oycle,
ard wwlcanic eruptons.

Contirned rronitorivg ard
research are essental if we are to
reduce presert wncettaintes in
o mhderstarding of depletion
processes ard improe our
capabilityho predict howr the
ozore latveris likely to respord to
changing atmospheric conditiores
and shresses in the fithare. Carada’s
irolErrent in ozore esearch
ard rronitorivg reflects o
special concem as a northem
polar raton for the fate of the
ArcHec ozone laer,

The future of the frchc ozore
laner will deperd pritrarily on
o suoness inridding the
atrmosphere of ozone-deplefing
cherricals, buk our abilityto
control greenbouse gases will
also be irrportart. The
linkages between these issues
trean that we canot treat either
of thern in isolaton. Instead,
trevindicate the inportarce
of developing a cormprehensi w
strateoyfor rooderating
the hnarren impact
on the atrrosplere.




INTRODUCTION

The farhc ozore laer has
suffered wrmswallyhigh mies of
depletion diring the 10008, and
soientific consideratiors suggest
thatitoould beoorre evwen rore
lrerable during the next 10 o
20 wears. Depletion rates have not
been as high as in the Antarctc,
where rressise ozore holes hare
fonmed altrost everyspring since
1082, bt they have been signifi-
cartlyhigher than in the rmiddle

latihdes (Figuame 1), and losses a8
high & 45% hawe ooouarred.
Correrfrations of kowm
nzore-depleting substances in the
atrrosphere have either peaked
wery recerntly or will do so shortly,
bt thewwill rernain close to their
peak lewels for the e fewr
decades. What iz rrore dishurbing,
howeser, is that cliratc charnges
sterrmring fromthe buldup of
greenhouse grses ey be altering

.EEI.-.

Figure 1

FPercentage differences in auerage January—Jlune oZone amounts
oUer canada between 1927 and 1997, OZane 0% $es haue been
substantially higher ouer the Arctic than ouer the southern part of

the country.

the fartic stratosphers in weos
that could make deep ozone
depletion events increasingly
frequent

Ecologists have serions
corcerms about the possible
effects of rrejor ozone losses on
Becase Arche life hae evmled in
an envirorirent where ultrasolet
redisHon lenels are rorrrally ey
loner, it rresr be extterrel vsensit
to the mich incressed mdiaton
that reackes the eartlis arfae
duritg perinds of ssrious ozore
depletion. Laree Amchc depletions
could also have reperoassions for
ozore lenels elsewhere, &8 aresult
of nzone-poor Arctic air rixng
with ard diluting the ozore
contert of air firther south.
Indesd, the polar regions, with
their imique atmospheric
processes, may hold the key to
bowr rrch ozone depletior will
evenhal yooor gobally.

Carada, with its wmst northern
territories, is especially concerned
about the fubre of the frctic
ozore layer ard has conducted an
extersive prograrmof nonitoring
ard research o rreasne trends
ard changes in the Aot
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straipsphere. Canadian scientists
hame also placed a high priorityon
collaborativg with thar onrterparts
armmd the wiord to improse our
acientific wrderstarding of
processes affect ng ArcHc ozone a3
vell 22 gobal ozone gereradlw
This publication sirrrmarizes
what we ko at the present firre
abot the state of the Archec ozore
langr and the prooesses that affect:

it. Zorre of these processes are
ratral ard contribute to norreal
daily, seasoral, and arraal
wariatbons inozore aromis.
Crhers are the reaultof ozore-
destroving polhutants released by
brran activities and resalt in
longer-termchanges to the ozone
langer. There are also potertially
cracial linkages bebween Archc
ozore destrocton and changes

LFCTTE COECGHE

ooouting in the stratosphere

as a resaltof climete dhange.
Present controls on ozone-
depleting substaroes should
evenialyindo roach of the
darmage that has been done to the
ozore layer, but whether Avchic
ozore depletion will besorre rch
woree before it gete bether will
ulbrratelydeperd on the cornplex
interaction of all these elerrerts.




THE NATURAL OZONE REGIME AND

THE ARCTIC

Ceore is ormred in the
stratpsphere (the atrospheric
laver that lies betwesn about 10
ard 50 lonabowe the earth’s
sirface) when powerful wltesdol et
rang in sumlight brealk vp comgen
rrolecules (00, ibersting oxsen
atorns (O that then cornbine
with intact cemEen rooleoules to
form ozone (O, Most of the
stratnsphere’s ozore is prmoduced
over the tropics, where these
ultrasiolet rags peretrate most
deeply ittt the abroephere, bt
stratnspheric winds distribiute this
ozore over the restof the world.
Everually the ozore is destmoyed
braumlight or by readdorns irrolvdng
chlorine, water wepour, hitogen
oxides, ard otler substances in
the air, but in an undistarbed
mabral sweterm there is alvers
enough rew ogore cotming in frorm
the tropics to replenish these

lnsses, This does 1ot rmean that
the arnonrt of ceone in the
stratmsphere is alwass constarit,
It, in fact, waries noticeablyfiom
dato day, season to seasor, wEar
to vear, ard place to place, it at
arrygiven place aerage nabhral
ozore lesels Erd to be roach the
sarre frorn ore decade to another.
iCgore armonants abowe a point
o the earth's surface are
corronlyireasaed in Dobson
Units (D1, with 100 DT
corresponding to 1mm of ozone
atordinarysirface termperahne
ard pressure. Most of this ozore
is in the stratnspheric ozone lawer,
bt & srmall aromit is also present
redr the earth’s surface, where it
has been brought dowm by air
ourtents frormthe sthratosplere or
created bercherrical reactons
itrolving air polhukants. Avwerage
wearlyozone wlues range froma
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lowrat 200 D17 in the topics D as
tnrch as 280 D17 inthe foche. In
earwspring, opone armounts over
parts of the Ardhc corronly
exoeed 500 DU on sotre dans
(Flgure 2 ).

Thet the highest ozone aroarts
in the world are found over the
arcticis, at firet glance, suTrising,
bt there are at least three good
ressons whythis is so. The first is
the total absence of sunlight: for
several weelks during the Arctc
winter. Without solar erergyio
split ozore nolecules apart, the
ratral breakdown of ozore is
slowed considerablw The secord
iz that the flow of ozone towerds
the poles is gereraly@eater in
the winter, This sessonal bias
appears to be related o seasornal
shifts in swrface weather sweternrs
and upper-lesel wird patterns that
provdade moach of the energy that



drives the polewerd rmossrrent of
air, ard therefore czore, in
tle shatnsplhers.

The thim reasonis thatthe
stratpsphere is deeper over the

polar latitudes than ansashiete else
in the world. To trd erstard wihng,
it is necessaryto look at how the
atrroephere iz stnochaed wertcally.
The stratosphere sits ontop of the
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FAUerage ozZone amounts by latitude and seasan for [al 1953—1938 and

[b] 1934—1993. Both graphs show the high

oUer the Arctic in early spring. The effects o
elident, howeduer, in the later graph, WHIiCh $hows IGWer $pring oZone
dUerages ouer both the Arctic and Antarctic.

Z0ne Ualues oCCuUrring
zane depletion are

posphiere, the bothormn, nore
tirbulent lager of the atmoephere
where weatler actvitytakes place.
The troposphere corrmonly
oooupies & rach as the bottorm
18 lorretres of the shrosphere
in the topics but only about 8 kan
rear the poles. This differenos
cansses the bourdary betwesn these
langrs, owm as the hopopanss,
to slope fiorm the equator o the
poles, at firet mradually, then rore
steeply like the bottomoof a
awirritritg pool. Becanse the
Archc is sinated af the despest
part of the stratoaphers, it can
hold rore ozore than the topics
ortridlatibdes. fa for the Antaebc,
ozore values there, even before
arrrdepletion, hawe alwans been
lover than those in the Aictc. The
difference iz dve to the Southern
Hernisphere’s stramspheric wirds
beirg less effectve at transporting
the nzone polewerd.

Crore somarlates gradually
in the frchc stratosphere during
the wirter &= the rate of eaupply
fiorn the topics exoeeds the
rahmral rate of destracHor. With
the arvival of spring, a change
in the patierm of stratospleric
winds wsuallybrings a final
increass inozone wloes to 40D
ot rrore. The reappararce of the
a1, howeser, incresses the pace
of nzone destucton, while the
rate atwhich ozone iz tereported
fiorn the topics falls off
coreiderably and rernains at alowr
lesel thimughout the surmrer.
Corgequently, ozone levels decline
fiorn the eard vspring high of
approxirnately 450 DU o abouk
00D 1T in October.

ARCTTC D ZOHE



OZONE-DEPLETING SUBSTANCES AND

THEIR IMPACT ON THE

ARCTIC OZONE LAYER

Depletion of the ceone lawer
iz oomarring becanse hnoran
actiwities havwe introduced
exioessive arronmits of chlorire,
brotire, ard other ozone
destroving chernical s into the
strafpsphere. Chlorine is the
predorminant ceone-destroving
substance in the shatmsphere,
ard the suphs comes rmoostly
fiorn wmrions types of
chloroflwmecarbors (CFC2s).
Thess are highlversatile
cherricals that hawe been widely
15ed & refrigerarts and spray
propellants as vell asin an
exhereive varietyof ind vetrial
applications. CFCs and other
ozore-destoving substances
{such &5 halons, carbon
tetrachloride, ethd chlomfornm,
ard rethsd bromide) are stable
cornponds, and rost of thern can
surdve for menywears inthe
atrosphere before theweenally

reach the stratoephere. Crice in
the shatosplere, hoveser, thess
cormpoids gradvallyrise aborwe
the ozone lawer where thevae
broken dowm brrthe interse
ultrardolet radiation of the upper
strafnsphere and their chlorine or
brorrire is released. Az aresultof
the relesse of these chermicals, the
ocoreentration of chlorine in the
stratnsphere is row about four
tirres the nabharal lesel.

Chlorire ard brorire are
powverfil ceore destrovers becase
tlhewact catalwically, That is, thew
take part inreactions that destrow
ozore, ut theyare not therreelves
corsrred inthe process and are
therefore free to take partin thess
reactions again. Corsequently, a
single nolecule of chlorire or
bromire can destrovthousards of
ozore rolecules before it rehuns
to the toposplere ard is retroed
brrother chermical reactorns.

_rer polar regions, o
additional factors make ozore
destructon bnatallvefficiert for
several weels in the spring, The
firet of these is the polar wortes, a
rearlyclosed cirmualabon swetern
thatdevelops ower the poles with
the onset of winter. Without
sunlight and without wartrer air
flowing in fromlower labitades,
the polar stratosphere becorres
extrerrel voold, with termperabres
fallitg o - B0%C or lower. Af these
termperabues, the second factor
cotres itto play - the formration
of polar stratospheric clowds
(PECs7, rade wup of ice, nitric acid,
ard sulploaric acid. In the absence
of PECs, st of the chlorine and
bromire in the statosphere is
locked up in corrpoird s that
1nder ordinary corditors would
be quite stable and therefore
hevrnless to the ozore layer.PECs
cakse these corrpourds 1o break:
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Figure 3

[a] Dzone deviations from normal in DUSkm; (b)) temperature in °C;
and [c] temperature deviations from normal in °C ouer the Arctic
research station at Alert, January 1995 0 April 1997, The graphs
indicate a close correlation betwees tensive ozZone depletion [the
light blue, dark blue, and purple areas in a) and stratospheric
termperatures below —28°C [the purple and grey areas in bl.
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dow, boweser, Eaving the dilorire
ard brotrirve atorre in less stable
conrpoltds. When sunlight rehams
in the spring, these corrpoirds
are broken apart byrsolar radistion,
ard chlorine ard brormine are
released. Crdinarily, the reactions
thatdestroyozone require
relativelyshong sunlight, Hoveser,
with the cold termperatues and
the especiallyhigh concentrations
of chlorire that are present inthe
Woini ty of PECs, an entirely
differert set of reactions takes
place that is actaally far more
effect-® indestroying ozone.
With the msupplyof fresh ozone
frorn lower latitudes blocked by
the "mrtes, nzore arronmts drop
rapidlyvard deeplyas these
reactons proceed (Figure 3 ). In
aotre laners of the stratosphere,
the nzone ey be alost
cotrpletel vdestrowed .

Crer the fntarctic, these
processes corrrronly lead to the
formation of a assive ozore
hole (defined as an area in which
total ozore armmts are less than
=20 D). These do not fill inumtl
the winter wrtex dissipates
{allowing the reham of ozone-rich
air frorm the tropics) and wartrer
termperahures prevent the
formation of PECs. Crer the
Archin, the sarre processes
intersifydepletion bk, atlesst so
far, thevhae ot done 2o to the
satre degree & inthe Antanchc.
Whirthe difference 7 & major
factoris that the greater
wariahilityof the attrospheric
ciroulation in the Morttem
Herrisphere rakes the frcHe
worte rrmch less stable than its
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southemm counterpart. As aresult,

£ il e tedmm e Mrimim it iz frequently penetrated by
0 Fry I |'d stratnspheric winds bringing
s J I F 11 n _Ilr«"'rJE ozore and wertrer air from the
- h.".! h" - NPt south. Becase of these events,
i LR ' f T ke 28 sudden stratospheric
L ¥ " ﬂ | 5 : vwanring, the frctc strainsphere
z L L"."‘., ’ Lo : iz often too wermfor PEC
] W I IR .-ll : forrration (Figure ).
B 3 g il L ) Corsequently, PACs do rot form
* wl .1'.""1 ‘I Jlﬁ? - as often in the Arctic nordo
el b ) - therrlast as long as theydo over
: R : the South Fole. For that reason,
™ o - thete hawe been ro tressive
= Fee . ozore hoks over fhe Arctic,
i . Merertheless, army PEC fonmation
&l | Rl Mo | dan | Ay My n Y can greatlyaccelerate the pace of
Ioumx 1I Minmaal emograpbeiad sioopbmne s.dosaoim ma R deplemn

Figure 4

Daily ternperatures in the ACtic stratosphere between &5°™ and the
Morth Pale, July 1, 1997, to June 38, 1 and long-term aUuerages.
Frequent warrming of the AFctic stratosphere, WHIch is cleariy
elident in the winter of 19971293 inhibits the formation of palar
stratospheric Glouds and the chemical processes that resultin
SEUEre oZone depletion.
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OTHER FACTORS AFFECTING ARCTIC

OZONE DEPLETION

Althouzh ozore- depletitg
chericals ard the wmique
depletion processes of the polar
stratpsphere hase the most
drarmatic inpact on Sxchc ozore,
several other factore can also
affect nzone arromits. For examiple,
dawto-dagrchanges are often
associated with the rooerrent of
weather sweterrs and presswue
patems in the troposphere ad
with changes in the leightof the
topopanse. Longer-termcharges
hare been linked to & verietyof
other natiral processes, of which
the rost significant aoe the
perindic reversal of stratospheric
winds ower the equator (the quesi-
hiermial cecillation ), El Mitos, the
aolar or surspot oycle, ard
wolcanic eruptons (Figae 5.

THE QUASI-BIENNIAL
DSCILLATION

iZrgr the equator, strafpspheric
witids circle the globe in either an
easterdy or a westerlv direchon.
Every 20- 30 nonths the directon
iz reversed. This phenorrernon is
Frovm as the quasi-bienmial
ozcillation (QF O, [ts ulbmate
canse is not fllyarderstood, bt
it iz loowm o influence a wmriety

ot atrrospheric pkerorena,
inchding ozone arrounts over
the rmiddle and high latitiades.
When the QB O is inits westerly
phase, polar statospheric
termperabiures are generally lower,
tle polevard transport of ozone
iz reduced, and ozore depleton
tends o be greater. In 1995,
1005 and 1997, for exarmple, the
QB was inits westerlyphase

ard large ozone losses were
recorded in the Arctc, In 1004,
1005, ard 1008, it was inits
eastedy phase, Depletion wes
rrinirrel, & expected, in 1994 and
1008, bt losszes as high as 30%
ooorted in 1998 These
imexpected results suggest that
factors other than the OBC had a
roore substartial effecton ozone
levels that wear.

200 fe -
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E1L N1&o SOUTHERN
O=sCILLATION

El Mits are periodic abrortral
weatitgs of the essterm equatorial
Pacific. Comurring mughlyesery
thres to seven vears, thevare
acoorrparied by a resersal of
rortnal pressure patiems over
the Soutlern Herrisphere (a
phenorrenon kv as the
Souther Oscillatiorm ard result
in distirbarices of prevedling
weather pattems in rmxch of the
vworld, Becawse El Nitios also
charge nonral pressure patterms
in the upper toposphers, they
can alter the height of the
tropopanss, affect the poleward
trarsport of ozore, ard canse
charges in ozone arrourts ovwer
rrarmparts of the world.

i_me of the consequences of the
st El Nito of 1007 1002 was a
deepening of the AleutHan Low, a
large quiesi- penmarent low pressire
area over the northessterm Pacific
Coean. [ tis an inportant feabre
in the large-scale circulation of
the atrrosplere, and its
stengthening ey well hae
tnade the Arctc wortes less

stable and mmore subject o the
sudden stratospheric wartmings
that rooderated termpershires
within the wortex during the
winter of 1005, B viraling
corditions less fasmuarable for
PEC forrrnation, the E1 Mifo

ey hare mede a significant
contribntiorn to the corrparatively
loner rate of ArdcHc ozone depletion
that wes obeermed in the spring.,

THE SOLAR CYCLE

Crer & period of appeoedrretel v
1 vears, the erergy output of the
a1 varies by only about 0.1%,
charging with the srowth ard
decany of svrspots o the aolar
surface. When the mamber of
sunspots iz greatest, the sun
produces more energy than when
the roamber of surepots is least.
Although the change inerergyis
quite srrall, ronch of it is
coreentrated in the ulbrardolet
range. Sirnce ozone is created 28 a

ARCTTC CZOHE

result of the breakdng of oxeen
rolecules berthe surd's ultraviolet
radiatior, rrore ozore will be
produced in wears when the solar
owole iz at its rresdrr The
observed mriatoninozore
arronats over the ovcle is
approximately 1- 23%.

Recent shadies have linked the
solar oyole mecdmiumto aslight
werrritg of the winter
stramsphere (this makdng
corditores less fasmurable for
PEC formmetion) and a
strengthering of the polewesd
trersport of ozone (Figare o),
Both of these conditons tend to
dirrinish the extent of ozone
depletion in the frctec. Cther
factors being equal, ozore
depleton ovwer the Srctc
iz therefore likely o be lower
in wears when the solar ocle is
at a rrecdrmimiias it wes in 1965,
1060, and 1900 and will be azain
iy about 0010,
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VOLCANOES
i Major woloanic eruptions can here
asignificant inpact on ozore
depleton ower aone- or huo-year
period . That is becanse cherrical
reactions sirnilar to those that
take place on PE0s can also take
place on the surfaces of sulphate
- semsols (fire dmplets or particles)
s iR ; that here fonred inthe steinepleres
e e S Lok 3 o as a result of the eruptiors. These
3 PR = i - aemmaols rravalso strmlate the
i ' fonmaton of PECs beyweriows
0 g + i = : : s e indirect processes,
g . b 4 4 3 d The erupton of Mt. Pinatubo
i i the Philippires in 1901, for
T exarrple, put abmat 120 million
o schipid bom Labiabeaad vaa Lona, BT T— Dfsulplrmr dinaide into the
Figure 6 stratosphers, and within a week
The solar cycle and average annual air pressure patterns in the ortwo the gas was cormerted to
HATE R R - sulplats sl by socpter
S | resctions. During the next tvo
dark curue) that occur during the 11-year sunspot cycle. Such Wears,severe 0z0re depletion vas
Pressure varigtions affect the poleward transport of 02one, With obeered both in the rmidlatitades
more azZane being carried into the Arctic wWhen the incoming salar ard at the poles. Crer Canada,
radiation is greatest. nzone areods in the spring of
1902 were 10- 17 below norred,
the largest decrease obserwed
1mtl then. Af the sarre tine,in
the high Arctic, ozore arrourts in
the lover stratosphere (bebaeen
10ard 20}kam) fell to about 110
D1T,a low smhe ot seen again
il 10077,

Becase the timing and
rnagritude of woloaric eraptiors
are unpred ictable, woloanoes
firrton a2 akind of wild card in
estitnates of fubue ozone
depletion.
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THE EFFECTS OF CLIMATE CHANGE

Ceore depletion and clirmate characterize attrosplheric

charnge are wewallyseen as beherionr it is ot swrprising that
indeperdent issues. Theyirsolwe there are sore imporart linksges
different atrospleric prooesses, betreen therm
thevhavwe different inpacts, and Clitrate charge has beoorre a
thevare the subject of separate BV 82110118 COTUCETT i recett
intermational negotabdons and wears becaise hrran activities
treaties, Tet both of these problerre are cawsing concentrations of
affect the sarre atrrosphere, and greenhoee gases, like carbon
given the cormples arrasy of dicedde, rrethane, ard nitrous
interactons and feed backs that oxide, to rise well abowe nataal
@) .
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Figure 7
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lemels. These gases aftect the
world's clirate by retaining heat
it the topaosphere, this raising
the aserage Enperatre of the
plaret and altering global
circulation ard precipitation
patems (Figure 7). Carbon
dicedde, released bythe burming
of fossil fuels, is the ost
abumdant of the greentbouse gases
associated with hnrnan actvities,

I=hn
Ac

ES

(@) Differences between annual auerage global surface temperatures and the 1961—1998 auerage, and

[b] accumulated temperature changes in Canada from 1993 t0 1997 relative to the 1951 —1928 average. OUer

the pastcentury the earth as a whole has warred by 8.3—A.
: ienced unusually warm conditions during the mid-15

e ternperature could rise by an additional 1.8—-3.5
 continue 0 rise. Climmate models also predict a cooling of the stratosphere
come WwWarrmer. Current observations indic ate a downward trend in loWwer stratospheric

gas concentrat
teMmperature:
terperatures o

about B.6°C per decade betliesn

-~ In Canada, most of the ArCtic has
periments With climate models
oUer the nedt century

giest that
nhouse
% sUrface

Sand 198, A cooler stratosphere could lead to the

more frequent formation of polar $tratospheric clouds and more edtensive oZo0ne 10ss oUuer the ArCtic.
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bt CFCs, the rmajor platers in
ozore depletion, are also powverfial
greenhmes gases. [naddition,
ozore itself has aconsiderable
effect on the earth’s heat budget.
Mot onlydoes it add heat to the
stratpaphers when it abeorbs
ultrardolet radiatbon fromthe san,
bt it alzo acts as aoreenhouse
gae. Ceore losses in the lover
stratoaphere lead to coolivg of
both the stratosphere and
topoaphere, this offeetbing some,
though not all, of the direct
weErtring cavsed by CFCs. Mear
the eartls swrface, loweer,

nzore aronats have increased
aubstantial lyduring the teentieth
cenhry & aresultof ar pollution.
This incresse hae contributed
significantlyto global wertring,
although not a3 nooch &8 increases
in carbon dioxde have.

The state of the atrrosphere at
argrgiven tire is the msultof a
corstantyad justing balance armong
awide arrayy of processes. By
altering sorre of these prooesses,
nzore-depleting substances and
meenholse grees Hgger a series
of readjustrents that affectother
parts of thiz balatee . Borre of
thess rwadjusbhrents are almost
certain to have an important
effect on ozone depletion.

There is a possibility that:
rigirg corcentratons of methane,
for exarmple, will raise the waier
wEpor coritent of the stratosphere,
sitce weter wmpour is produced
when rmethare eacts with the
bedroned radical, a short-lived,
ki ghly resctve cormpound of
bedrogen and ooogen, With rmore
water wepour in the shatosphere,
trore PECs could formwhen
termperahures are right) and ozore
depletion would be enbarced.
The conswrrpton of the hedrossd
redical in this reacton (wiich
oomars in the froposphere as well)
would also here important effects,
gince it iz one of the shrosphere’s
greatest scaengers of pollukants
ard a keyparticipant in awide
range of abrospheric chernical
reactions . Reducing the hndroeed
atmdance in the atrosphers

16
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would hase a corsiderable effect

onooncentratbons of meny
other grses.

A rrore setiols concert relates
to the expected cooling of the
stratoaphers dve to the budldup rrore frequertlyover the Arche,
of greentmse gases. The sare the rate of ozore destnacton
charges in the atrmosphere’s would rise considerably
infrared radiation thatcause The interactions betwesn
waErring in the lower atnosphere  @eenhouse vwarnming ad ozone
tend to rmake the stratosphere depletion can be explored with

colder. This coolitig (which is in corrpuater rrodels of the gobal
addition to that alreadvcased by climale sywstEmthat incorporate
the loss of ozone) would oreatiy 1ot onlythe wartring effects of
increase the probabilityof PEC greenhouse grses it also the
fornmation over the Ao, where reactions that detenmine the

the shratospheric termperahae cherrical cormposition of the
often cotres within only a fewr atrrosphere. Such nodel s,
degress of the threshold for PEC howeser, do not vet giwe
fornmation. With FECs fonring recssonably aoourate wlves for
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Emission assumptions usedin the Goddard Institute [G1SS] model. The

combination of rising greennouse Jas concentrations and continuing
high lewels of oZone-depleting substances oUer the nedt few
decades could intensify AFCtic oZane depletion.

present tenpermhoes inthe
winter stratosphere unless they
are adjusted brrthe addibonof
special constraints, Since these
corstraints override sorre aspects
of the krown plsics of the
atrrosphere, theyrcan correct only
the starting values bk ey ot
prevent additional ervors when
the mode] is nm. Thus, althougha
trodel ey predict a plavsible
charge in temperahre in the
stratosphere, it is wrydifioultto
ko what degres of ermor is
inolved in such a predicHon.

While recognizing these
problerms, atearmat NMAS A s
Goddard Institute for Space
Shdies and Center for Clitrate
Svsterrs in the United States
recentlyreported results of &
toodel sitrnalation of the cormbined
effects of increases in omreenhoise
gaees and decreases in ceone-
depleting cherricals that are
expected in the next few decades
(Flgure ). When the rodel wes
1, global Enperanres and
wind pattemns changed as
greenholse gas concehbratons
were gradually increased, ard the
frequencyof sudden stratospheric
waElTTitgs it the Morthern
Hermisphere wes seen to dirminish.
With a rore stahble wortexowr the
arcte and colder termperathaes in
the lover stratosphere, the

ARSTTC O ZOME
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severity and durafion ot ozone

depleton epizodes itcreassd, E Edb

reaching a peak hetwesn 2010 ard E ! , , , , |

220, about 10— 20 wars later 4ab - BT

than expected if only the j il 5 - SEATE : SRR RN

coteentrations of ozone-depleting - SR AR PR PPE

substanoes had been talen into E -|m_-.___.:h__.__!._-_.d__._-..___.L-_.__L.____L____

accourt (Figure 9 ), Withir this a I I

gereral pattern, however, the i E E ﬂ a ﬁ E

trodel showed corsiderable - ﬁ

wEriabon formone wear o

arother, which is corsistent with L e e s e B

the ourrent behasdour of the Figure 9

HI‘CﬁES"I‘EItEISPhEIE. Range of lowest spring ozZone levels as simulated by the GISS model,
The sirroil ation therefore ak 66, The inclusion of Qreenhouse gases Causes madimum

reinforces the basis for corncern 1 e depletion to aCcur about 18—2@ years later than would be

ﬂﬂtﬂljﬂﬁte ] I:a.'LEBj h’E,F |-"|:||-|:+|-|j if conctentrations of ozZane- |:||-|:|||-'+|r||] sUbs tances alone had

been Conzidered.

greenhouse grses will worsen
ozore depletion over the Arctic in
the nest e d ecades . Howeser,
before we can be rnore certain
about these conclusions, the
reaults frornthis roodel resed to
be stidied ard conpared with
reaults frornother rodels that
incorporate rmore thomugh
representatiors of the pheical
ard chernical processes that
are irmolwed.
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RESEARCH AND OBSERVATION:

THE STATE OF THE
ARCTIC OZONE LAYER

OBSERYATION AND
NMoNITORING

Caradian scientists havwe been
acti+e in stratospheric ozone
research since the late 10E0s, bk
contnuous ot toring of ozone
lesels ower Canada did not begin
wratl the late 10506, The present
Canadian obserwation networ
corwsists of a dozen stadons, of
which three are located it the
arche (Figure 10), Cne of these,
at Resolute B ayr, has obseratons
datirg back to 1057 Obssrvations
at the other two, Alert and

Hatla:d T=i2nie:
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Figure 10
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Eureka, began in 1087 and 1002
respecHyvely.

Ceore at all Canadian statons
is rreasured with moumnd-based
instmprents. The Dobeon ozore
spectmphotorreter, devised in the
1020k berthe pioreer British
ozore researcher 3I.E. Dobson,
was sed for these mmeasurerrents
bl 1958, It wes then replaced
bryrthe Canadiarn-dessloped
Erever ozore spectrophotorreter,
an autorrated instarent that is
rowr the sterdard apparatus
for groimd-based ozore
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The Canadian oZone observation network.

reasuerrents worldwide,
In addition, sorre 200 c2oresordes,
which are irstarent packages
carried aloft by balloors, are
lanmclked througbout the war
frorn kalf a dozen Canadian
locations, inchding all three
Arctic sites, 1o provdde direct
rreasuetrents of ozore
oorertrations at different
altitides . Cronesondes hare been
lanmicked frorm Resohate B arsince
1088 ard frorm Alert and Eureka
aince 1087 and 1992 respectvely.
The dovamwerd frend in the
ozore content of the lower
stratmsphere can be seen to begin
in the late 1070, and byrthe 1000
severe depletion episodes were
beirg obsered insore wmars
(Figure 5). The longest recomd,
fiorn Resolute Bay, provddes a
particularlystrikdng illustraton
of seasoral and armual trends in
the faThe ozore layer over the
past 40vears. Fimure 1lshowe the
seasonal pathern, with ozone
arronmts peaking in February and
March and reaching a mininmen
in Anmaet and September. The
gereral dowrwerd moenent of
ozore lesels inthe 1000 diring
all seasons is also abumdart]y
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Figure 11

Total oZone oUer Res

the annual CYCIe of |
downward trend of
inthe spring of 199

Boe oot
Yk
2

135 | g
& 1w
b
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4 ey
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nlute Bay, 19371997, The graph shows both
ne values in the Arctic and the general

ane ualues in the 1998s. The seuere depletion
¢ i% particulariy evident.

Clear, with springtitre wlues
belonwr 200 DT ooouring tore
frequenfl vafter 1002 Before
1903, springtre wlues belowr
00D were oocasionally
recomded at Resolule Bagr, bt
thevyrwere relatisely infrequert:
ard lasted for onlva fewr d ays.

Daring M arch 1096, ozore
wEles over the high Sichc were
az rroach a8 20% below norrmel,
while in Maoch 1997 thesr dropped
to &= rroach as 4 5% below the
rorrral velues. Inring the 1097
gpizode, ozore walees rerrained
belowr 200 D1T for romch of March
ard rerraired significantlybelow
rorral minirrn wlves tntl the
rriddle of April (Figure 12 )
Although this depleton wes ey
laree by frchic standard s, ozore
arroumts were stll well abowe
those in the Antarchc, where
walues of 100 D1 or less hare
corrrronly been recorded duritg
ozore hole episodes.

e
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Figure 12

Total ozone auer Resaolute ElEI!:II FEEIFIJEIF!:I—EIHIZIEIEF 19097 The Centre
dashed ling sholls auerage oZone values, wWhile the upper and lawer
dashed lings sholl auerage madimun and rminiman Ualues. After

S seuere depletion in the spring, the oZone layer recovered, but values

1ed below the lang-term aue

for most of the sUmMMer.



Figure 13
The Eureka stratospheric OZone Laboratary an Ellesmere [sland in the Canadian Arctic.

ArcTic OzoNE RESEARCH which 1ses the absorptonof trereported into the Arctc during
frche ozote resesarh Eoeited | Wiraviolet radiation in sumlight: the winter frormirdustrial regions
aboost in 1952 with the opening ard rmoonlight to detenmine howr 1o the southy, Becanse the lidar
of the Eureka Statrspheric Czone  1Chozone is in the sirosphere. worls best in iotal darkmess, itis
Observatoryon Ellesrrere Island In addition, ozonesordes are shit dowm as Archic surmrrer
(Figrre 13 ). The observatory is lanmched weeekly o provide approaches and the nights get
a prirrary corrponent of the wertcal profiles of ozore and shorter, Crerlapping
Metwnt: for the Detertinn of ternperatare. Fromn early rreasnErrents from these
Stratnspleric Change,an Decernber to March an instmarents not onlyprovde
international group of high instrrent known as a lidar is an ammuracy check on total ozore
quedity, srovrd-besed research 1=ed o obtain vertcal profiles of  arroumts bk can also be used
statons for inestizating the ozore and terrpershire. The lidar,  to detect the abrrospheric
plrsical and cherrical processes which rmeamures the reflecton of termperabiures ard light-scattering
of the stratosphere. The Eureka laser pualses rrach as & mdar patterts that indicate the presence
obeerminryis wed byuniversity rreamares reflected redio wermes, of polar stratospheric clowds
ard govermrrent wessarchers can also be weed to defertmine (Flgure 1),
from Canada, Japan, and the atrrospheric concentrations of Snother iretrnorent, loowm &
United States. fire sulphate particles sseociated a Fourier Trarsiorm Infrared
Total ozore anonmts ower with voloanic eruptiors, polar Spechorreter (FTIR ), can be used
Ewreka are roeasured wEar mumnd straipspheric clowds, and Archic to rreseure the cherrical cortent
brra Brever spectophotorreter, haze (a kird of srog that is of the stratosphere. Ore of the
ARCTTC OZOHE 21



acti~ites closelywith those of
other ratores. Since 1091, for
136 213 180 E10 18T M0 185 298 155 21 exarrple, it has participated in the
| L = ' s f_.* ..___.-"' Map:hnznrgnnde progratT,
ol L ;I_.- - A which coordinates the lawmches of
| o .,‘f :-' o B! pzoresondes in Europe ard
ol = ) 3 (= Canada to probe the sarve air
s 5__. k L 4 Yo rres at different points as it
{1 - traels arourd the Srohc wrbex.
13 \L ‘L \_ B analyzing the differerces
||l.|..l. T I J- R Wy TR T between rreasirerrents taken at
b | 1 1= L LE o1 L@ | |-= '== different tirres and places within
Seaterng Fato this air rmass, it is possible o
detenmine the arnoart of ozone
logs that iz due to chernical
processes alone and to aemid aney
Temperature and light scattering in the Arctic stratosphere, March distortions caused byozone

14—19, 1297 The vertical termperature profile i awn in black ) )
(lidar measurements) and blue [oZonesonde measurements). The ]:mughtmbgmﬂﬁra]rnmsag.
straight vertical lines denote a temperature of 193°K [—2@°C], the frong other things, data from
threshold for PEC formation. The red line indicates the amount of the M atch prograrmn, clearly reseal
light scattering and shows the presence of PECs on the 1240 and 1910, the crocial role nfsm]ightin
ozore destrocHon (Figure 16 ).
Canada has also collaborahed
closely with the 1.2, National
femnaatics ard Space
Adyri vistration (MASA) in
Project Polaris, a carnpaign to
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Change in oZone concentrations With edposure to
gunlight, January 4 to February o, 19

Figure 15

Auerage daily chlorine monoXide amounts oUer Measurements af a single air m s it Moues
around the Arctic worted show a steady decrease
inoZone Concentrations &% accumulated edposure
to sunlight inCreases.

Eurelka after polar sunrise in 1927, The elevated
Chlorine monoXide amounts betWween days -
THindicate that ozZone depletion is taking place.
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itrestigate ozone cheristy

in the fArcte, Dr. Torn McElow
of Errirortrent Carada, for
exgarriple, works with a teamm
wing a high: flvivg ER- 2 aircratt
to mreasure the chernical
oorrpositon of the upper
troposphere and lover
stratnaphere, After analwing
data collected by these flights,
McElmyrecentlydismwered
evidence that hrormine
rroroxide, a corrpourd
associated with ceone
destmacton, exists it the

higher lenels of the frchc
topoephere. The preseroe

of this cormpourd in the upper
topoephere had not been
expected. Becase it is associated
with the destactorn of ozone
brrbromine, its detecton
auggests that frther ozone
depleton is oomaring, at

least oonagionally, in the upper
troposphere. These findings
errichasize ag well that our
understanding of the cheristry
of nzone depletion in the
troposphere is inootrplete.

Ir1 addition to thess actvites,
Errrirorirent Canada mars the
Wiorld Ceore and Ultraviolet
Radistion Data Cenfre on behalf

of the Wiord M eteorological
Crganization and the world
srientific corrmnmity The Centre's
weh site (wnsnantores.gooawondcy
woudehbrn) contaire data from
rrore than 150 statiors arourd

the wiorld.
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THE FUTURE OF THE ARCTIC

OZONE LAYER

The Morireal Protocol of 197
ard later arrendrrents to itwere
interded to phase ot the vse of
ozore-depleting cherricals forall
ronessential parposes and rEstore
the ozone lawer to ifs fonrer
kealthiratate. Az a esultof these
agrestrents, attrospheric
corcentrations of sorme ozone-
depleting substances, such as
ZFC-11, have bemm 1o decline
ard concentrations of others will
follonwr st oer the nevt decade
(Figure 17 ). Becanse of the Hre
taken for ozore- depleting
cherricals to reach the
stratpaphere and break dowr, the
declire in stratospheric levels of
decrease in corcentrations of
ZF 2 ard other cgone-depleting
substances bya few wmars. Itis
gxpected, for exarmple, that the
arrommt of chlorine in the
stratpaphere, mrrentlyat a lesel
of A5 parts per billion (pph), will
peak byrabout 2003 and decrease
tlereatter. By 2050 it should hase
fallen to 2.0 ppb, the lewel at
which the Antarchc ozorne hole
vas first detected. Cme should
tlerefore expect a substantal
degres of reooveryin ozone values

by 2050, These expectations, of
course, assunre that the gaps inowr
wrderstarditg of ozone-depletion
[processes hurm ot tot o be
irnportant ard that present
intermational agresnents will be
atrictly adhered to. If eitherof
thess ssswrmptons is inoorrect, the
Hrre for recoeryedll be longer.

The recovery of the ozone laer
could be delased fnther if ozone
depleting substances that are ot
covered bythe preserdt

Bimivioar

T

=

agrestrents begin o be released
intn the abrosphere in substantial
quantities. This possibilityoould
becore a reality byrthe maddle of
the twentrfiret cenhryas a result
of the developrrent of supersonic
trereport siroraft that would flrin
the lover statosphere. & flest of
S00+to 1000 of thess asiroraft
would eleass large quantities of
ritrogen oxddes, water wEpour,
ard sulphates, all of which have
the potertial to increass ozone

=SEs | S 1S 1 ESE=]=]

Ioum 1I Minoaal Deomoe 3ad sioop by e sadmaiarano

Figure 17

Concentrations of oZone-depleting substances in the Arctic

troposphere. C

e highly stable in the troposphere and anly

break up wWhen edposed t0 the inténse ultraviolet radiation of the

Upper stratosphere. The chioringe they contain eventually returns to
the troposphere, but the cycle takes about 38 years for CFC-11 and
about 188 Yyears for CFC-12.
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depletion. Becavke these
substances condribude to PEC
formation & well, their irnpact on
Archc ozore lesels could be
partioularlyharrahl .

Ironically, our current efforts
to rid the abrosphere of ozone-
depleting substances mavhae a
negatiwe irmpact on clirnate
charge and this, in tuer, could
hare corsequences for Archc
ozone depleton in the futre.
Hydmchlorofluorocarborns
(HZFCs ) ard hsdrofluormcartons
(HFZs), the rrost widely weed
replacerrents for CFCs, are also
greenboee gases, and sorre
of thern are nearly &= effectiwe as
CFiC2 as global wertritg agents.
iConsequently, their wse will
contribute to frther oreenhouee
wertring ard related cooling of
the stratosphere. For that reason,
the consurmpHon o fHCF s is
acheduled to be phased out by
2020 urder the Copenbagen
Arrerdrrents to the Montresal
Pmitoool. The wsage of HECs hes
been addressed urder the 1007
Ewoto Protoool on Clitnate

Charge.

In dealing with all of these
cotrplex probletrs, research and
rronitorivg will contrne to plasy
an important role. Contniang
obeeratiors of ozore amoumts as
well a3 CFCs, chlorine, bromine,
aulphates, nitrates, and other key
partici pants in the ozone
depletion process will be
recessary i a88ess DIDSIESS
towerds the recovery of the
ozore layer. Furtler studies of
atrrospheric prooesses will also
be essertial if we are to reduce
the wrrertaintes in our ourrent
1mderstanding of ceone depletion
ard irrprose o capability o
predict what is likelyto happento
the czone lawer in the fubaoe.

The ozone laser will be
partioularlynalnerable ower the
rext 20 wars when abrospheric
corcertrations of opone-depleting
subetances will be af or near their
highest lesels. The Arctc will be
especial v ilrermble during this
period if contirning increases in
greenhoise grses lead to flrther
cooling of the stratoephere and
rmore frequent PEC formration.
Matiral factors, such & the quasi-

hierrial oscillabion, El Nitos, and
the solar ovcle will also influence
the se~erityof opone depletion in
arrrgiven vear, ard laree woloanic
eraptons could lead o
particularlyserions depletons in
SOITE VEAE.

iZrer the rooch longer termm,
the health of the ozore lawerwill
depend privnarilyon o ability o
rid the atrrosphere of present
ozorne-depleting substances and
presert the melease of rewores.
Butit will also depend onour
auooeas incontmlling sreenbonse
gaees. These issvues are linked, as
we have seer, through a varietyrof
phomical and cherrical inferectons.
Thevare also linked at the
eonsyEtern level, where plants and
wildlife are affected rot just by
ozore depletion or byrclitnate
charge irdeperdertly bt b an
entre spectnanof lnrrarrrelated
atresses on nahral systerrs. That
rearns that we cannot teat anyof
thess issues inisolatior. Instead,
we st deal with thern as
interrelated parts of a corrrron
strategyfor roderating the hneren

irnpact on the atrrosphere.
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