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Over the ~ & t  decade or so, stratosphefie ozone has been a. subject sf  intense research 
daat has vastly improvccS our understanding af the subject. And dthough It 
be said that a scientific subject is ever cs~nplekly ""solve#" there is little t 
that our understmding af stratospheric ozanc is far better now than it was even 5 
yews ago. Fudlre;r, as our knowledge axad understanding hzrve matured, &ere hm 
been a natural slowing in the sate sf discoveries and in the development of new 
theoretical iirirsights. The fieid has progressed to the stage that the t l ~ w ~ e s  are 
adequate not ody to explain past experiment% but also sf accou~lting f"or most new 
expae~meratal findings, As a result, f feel that it is mow possibfe to ~ t ; e ;  a textbo& 
debiliing our kncpwXedge of stratospheric ozone that will (hopefully) remain relwant 
for some years, 

frt this book 41 preseni an account of wlz& 1 have learned in the  st 1.1 yeas about 
the physical processes that regulate strafiospher;ic ozone. ' f i e  presentations assume 
h a w l d g e  of the atmosphere at the level of m adanulced undergraduate in atmas- 
pkcrie scienms, but it requires no specltrIizt=a7 knowledge of chemistq or the strata- 
spixere, To l~elp those not famifiaa with s t r a t ~ ~ p i ~ e r t ~  ~lnernistq~ a glsssaq is 
provided at stre end of the book that defines cmmsnl  y used 

Deciding what wrate~d to inelude and excXade was a diffiicult task, and 1 reget 
that there are severat srabjmt areas that receive only Aeeting coverage, ;frr paaie~lar~ 
I would have liked to include more about stratospheric dynax~ies, radiative trmsfer* 
and kinetics, X take some solae, however, in the howkedge that no book is eves tmIy 
complete-any attempt on my pa13 at writing a kook that included evevthing abwt 
a subject would. have rne'slh the book would never have been wdtlbftxa, 
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Chapter 1 me Oxone Problem 

me amasphere i s  &aditionally divided into layers on the basis of temperature 
(Figure 1.1). The jowest layer of the atmosphere, the trol~"~lsphere, i s  eharxtm- 
ized by decreasing temprature wit;Ex increasing altitude. Zk comalains -90% of the 
~nms of the amosphere, as well as most sf the Faah's clouds and weathe: The 
kmp=ture minianurn located between 10 and 85 km altitucie (-18-8 md 2W hP8 
pressure) is calfed the kropopause, and it demarcates the boundary between 
the: troposphere md the layer abr3ve it, the stramspl~ere, In. the stratosphere, &e 
temperature increases with altitude, primarily because of beating fraxn the 
abso~tirirn of uttravialet rddiation by ozone, The stratosphere e o n t ~ n s  -9.9% of 
the mms of the atmosphere. The tegnperdfure maximum near SO k ~ n  Q-B hPa) i s  
callled the s@atopause, and marks the boundary htween the stratosphere and the 
layer above it, the mesosphere, In the mesaspl~ere, the temperature again 
decremes with altitude, p ~ n ~ d r i f y  because of  radiative eaaXing by carbon diox- 
ide (CQ2). The top of  the mescrrsghere is bounded by a kmperdture ~~~inirnurrrm 
called the messpztuse, Above the mesopause sits the d~e~mosphese. Zaz this book, 
we are concerned almost exclusivefiy with the stratosphere. 

Moleeula nitragen IN2) and molecuXar oxygen 4%) make up -99% of the mass 
of the atmosphere. Because N2 is about four times mclre abun&nt. than &bz, the 
average msleculm weight of the atmosphere i s  -29 g moli-< Of the ~ m s i n i n g  
-195, tX~ere are several gases whose abun&nee in the atmosphere is small but 
whose impact on the atmasp11er.6: is not, Many o-f these gmes absorb photons with 
waveleng%s in the thema8 infrared (begween a few md -26) pm), where 0, and 
N, are essentially trmspamnt, As a result, e-aiaese trace gases, which include COz, 
water vdpor (H2C1), md ozoi~e (a,), exert an importa~t influmce an the Edrtb9s 
climate, 

The atmasphere also filters the solar radiatiot~ reaching the surface, Most sola 
radiation incident on tlre top of the rtt_rnosphere i s  in the wavelength range 
htweur  -100 rxm m d  a few micrometers, Wavelengths less than 200 am are 
absorlxd fairly high in the atmosphere (5&1$0 krn altitude) by 02, M,, and 0 
(see Cllzmbedain and Hunten [1], Section i,5,1), while wavelen@hs @eater thm 
-308 nm e m  pnetrdte to the Earth% su*ce. For wavelie;ozgths between 2W and 
300 azm, ozone (0,) is the primary absox;bes, and without 0, x~uch  of this 



Pressure (hPa) 
O-QI 0-1 a 10 tm jm 

Fiigure 8,1 %pie& aX~r;s?mprature and pressure profiles, Based an the 1976 US Stmdad 
Atmosphere, 

radiation would reach the ground. The rule 0, plays in absorbing these phokor~s 
is creacid because ;a photon of 258 nm vvmetength has an energy of -5 
enough &a break chemical bonds in DNA or interfere in other ways with bia- 
Xogicdl processes 12-41. 

Luckirky for the E&hvs saisus life foms, 0, has a prodigious gbiXity to absorb 
radiation wi& wavefeng&s bwmn 2W m d  300 nm, At, i ts  maximum at, 250 nm, 
the abso~tion cross-secliun of Or3 is f -15 ~ 1 0 1 ~  cxa2, dropphg tu 3-4 x 10" cm" 
at JW n n ~  (see DeMore: el a!. [55, Tab%e 7). To get an idea of how effective 0, 
is as an alssmkr, we can estimate the &mjaraissian sf radia~on h o u @  a typical 
amosphe~c coIumn rasing the Lmbe~-Beer exponential ;absavtisn law: 
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where 'Er is the fracticzrm sf the hcident beam that is transmitted, Q; is the cross- 
section s f  a7 at that waveknsh (em2), and C: is the toQE column abundra~lce of 03, 
which is typically around 1 0 ' ~  molecules cn12. At 250 m, the transmission is 
-10-". This is a phenomenally small number, and indicates that essentially llone 
of the 2563 nrn rrdiatiorx incident on the top sf the atmosphere larakes it through 
the 63, to the sudace. At 300 nun, where the 0, cross-section is considera;bly small- 
er, about 3% of the incic3ient h a m  mkes  it to the sudace. 

The study of 0, has become a subject of public interest since it was noted that 
the eftluents of our society might lead to a graduall lowerbg of the amount of 8, 
in. tlle atmosphere, This reductia%n, in turn, would Zead to e d a n c d  ul&aviolet r d i -  
ation at the sugxe of the E a ~ h ,  which would be detrhen&l to va-irous %ik f sms  
nt the swface, Much of the research detailed la this book was perfamed with 
the goal oaf better understanding the processes by which mmkind affects the abun- 
dance of O,, For a histow of the ear1-y reseacb into a,, see Dobsclrn [GI and 
Nieolet [7f, 

0, is also an hpo*mt ctsqsnevlst of the atlnosphere for other, less paIiticalfy 
chargd reasons. %e of these is the role: 0, plays in the energy balmce of the $&at- 
osphere, As discussed above, 0, is a prodigious absorkr of uXtraviald photons, In 
a d d i ~ a ~ ~ ,  O, also absorbs strongly in the infrared, especially nem 9.6 gum 881. This 
;Ibsovtionr o-f sola and ixlifrared radiation heats the st~atrrspbere~ and is one of the 
main reasons the temperamre of the s&atosphe~~(: increases wi& frreighe. 

On an annuag md global a~c-m, the s&atospE~ere is approximately in rdiative 
equilibrium, The abso3t.ptim of solar m d  infrmed radiation by O, ex~eeds the ernis- 
sion of ixgrmed radiarim by 0, by abuut 15 W nr-? Thus, 0, is a net hear source for 
the sa;;rfosphere. '7i"his net laeiL2ing of the s&atosphere is bdanced by the net inedtred 
cooling of C0, md H,O [9]. 

Sdraltospheric o3 also causes a net heating sf the troposphere-su~ace system, 
Solar absoqtion by stratosphe~e 0, reduces the input of sola energy to the 
hoposphere-surface system by 7 W rn ". Downward infrared emission by stratos- 
pheric O,, on the other hand, warms the tropospheresurface system by 2 W m2. 
Enhanwd infrared emission frorgx strat.ecspheric CO, mb Hz&) owing to the high- 
er stmtospheRic temperatures warns the troposphere-surface system by 7 W m '. 
The net effect is a warming of the traposphel.c=-sudace system by about 
2 W m  ' [9]- Depletion af stratospheX"ic Q3 will therefebre tend to esal the 
su&ace [18f, aXtX~ough the exact magnitude and sign of the elFlFe~t is dependent 
on rhr: alti%rarde of 0, chmges [I f 1, 

8, is inked an irnpofiant molecepllr: in tfie s&ataspfxere, Because it plays a role in 
so m a y  aspects of the ~friratasplnere~ m understmdiaag of 0, reqlakes the develop- 
ment of an integated view sf the dyntamical, chemical, and radiative processes of the 
stratosphere, Such a view b~dges  traditional disciplines of chemisty an& physics, 
and is emblematic af the nwessity sf  thinking broadly in order to undersmd the 
problems conftront-irmg E a h ,  



4 1 The Ozone Prablennr 

I .I The Ideal Gas Law 

Before talking about O,, let us first discuss the ideal gas .taw9 which relates pressure, 
density* a d  &mperdtuxnl=: 

pressure = crsazsbnt x del~sity x temperatrrre C 1 -2) 

In stratospheric resewch, pressure is usually expressed in hwt~pascds (fiPa) or mii- 
libass (rnbll which are equivalent wits, e,g. 1 bPa = I mh Pressure is Ascr occa- 
sionally express& in tam (Xi tom = 1,3332 hPa). W~en using Be idea1 gas law9 how- 
ever, pressure rrrust generailly be cameaed to the MKS unit pascd @%; I Pa = 
0.01 lrPa = 1 kg m%-2). Ten~perafure is always expressed in degrees kehiin (K). me 
constant used detem~ines the frsm of density, If the constant is the universal gas ~011- 

sfant (R r= 8.31 J rncsl%-') then the densigy is in rnoles per cubic metes (mol-I d). 
Xf the corastant is the gas coastmt fcrr dry- air Iff =: 287 J kg ' K ' )  then the &nsity is 
in kilogrms per cubic mebr (kg m"). Rndly, if the consant is Roltmmn"s con- 
stmt (k =. 1.38 as; I Q Z 3  S molecule%-"), then the density is in mokcuies per cubic 
meter-also known as the number density St should be obvious &at it is cmcial to 
m&e sure that the units in the equation are consistent, Failure to do so result in 
enars of several orders of magniwde mcl cause you to 10ak haliish. in front of yaur 
colfeagues. Tmst me. 

The mast co~nmoa fom of denxi5 used in stratospheric research is numbx den- 
sity, afmast always with mi& of molecules per cubic centimeter, If the p~ssu re  uused 
in the ia%r=al. gas law is the pafiial pressure of a gas, then the density detemined wit1 
be the density of that p&icuXar gat;. The xnumkr density of comr;iment X XX = 0,, 
N,, O,, EI,QTI, etc,) is generally denoted [Xj, If the total pressurn is us& in h e  ided 
gas law, then the totaf nramkr density, denoted fMf, is determined, We will also use 
the syarabaE M in chemical equations to refer to '$any molecule", without regard ta i t s  
elemenbf make-up, En psilt-fice, this means t-hrr-t M refers to N2 and OP A useful 
shaflcut to ca1ctlbr;lking numkr densif;gr is 

'btrl~ere pressun: P i s  the part:ial pressure of X in hectopascds axld temperature i" is in 
Kefvin. If P is the total pressure, Ben the tat& number density [M) is calcufst&, 
Note that the sum of the numkr densities of the individual components of the 
at~nosphere must sum ?lo the tolzlil numhr density-just as the sum of the p&iail 
pressures must sum to the total pressure. 

Aa~other usehi way of expressing d ~ e  abundance of a constiment i s  the volume 
mixing ratio (VMR), Ganceptually, $be VMR af constituent X is the fraction of md-  
ecules in a given volume tfaat are X, Mathematicdly, the VMR i s  the ratio of the 
number dens* sf X to the fotaX number density: [)I-]/[Mj. VMRs are dhensianfcss 



md never exceed L, Because the VMR is typicdly smdl, it is usudally multiplied by 
106, lo9, or 1012 to obtain parts per million by volume (ppmv), parts per billion by 
volume (ppbv), ar pats per t~ffiolta by volume (pp$V), respetiveiy. For example, a 
VMR of 5 x 10" or 5 ppmv of 0, means Ikrnt 5 out of wery I. x f 0' @ 1 out UE eve~y 
26@,OW) moJecarlcs in a smpBe is m 0, molecule. Finally, :,he sum of the VMRs of 
all f5.f the constituents in, an air mass must equal. I .  

W y  is the VMR usehXiM~ssrsme th& the numks  density of X in ax air paeel 
at pressure Po md temperamre I;rb is [XJ,. Now wsume tkdt the air pmceX moves 
ka a new location in the atmraosphae and the lempera(ure and pressure change to 
Ptzw md According to Bcayle's law and CharxrIlesYla~i, the number densiv sf 
X chmges to 

Now consider the V&lR, The hitia)i mixing ratio aP X i s  [XJd[lSYljto, where EM], is the 
i ~ t i d  tto~all number density, 'Yhe V m  at the new temperature md pressure is 
fXJnm/[MQnm, where [X]n,, is given in buation 1,4 sand 

Combining Wuatlions 41 -4) and (1.5), the VMR at the new location is 

mus, while the number density of a constituent chmges when temperature or pres- 
sure in air mass akkmge, the V m  does not. Xmr other words, the VMR i s  conserved 
for changes in the pressure ar temperature of a parcel. mis prr3pel"ty makes VMR 
usefuli, Zt should be noted that one cart also define a mass mixing ratio (see problem 
4 at the end of the chapter), but this i s  rxely used in strirlto~phe~c rese~ekn. 

Figure 1.2 shows contours of both the numbr  density md VWUa of 0, h the lati- 
tude-height plane. 0, reaches maximum values of both number density (4.6 x l0l2 
ardecujes c m 3  ;?it -25 km) and VMR (30 ppmv at -32 km) over the quafclr. As one 
moves away &om the equatcrr; the number: density peak mwes to lower aldtudes, but 



Mgmre 1.2 C~ntLolure sf (a) 9, volume mixing ratio ( IJF~Y)  aad (b) contt~urs ctf O, 11urnbr 
deasity (10" mfnolecules cm 3 )in Decembr 1992, Da& awe from the IJARS Reference 
Atmosphere Baject fW- 1, Randel, p"=xsoiaal c ~ m m u n i c ~ i o ~ ~ ,  1998)- 

remains approximately constant at around 4 x 10'~- 5 x 1 0 1 h d e ~ v l e s  cm'. The 
peak in the W R  fists to higher altitudes as one moves w a y  from the elyuabor, m d  
&e magnitude sf the pe& decrreatses, 

Anoher quantity widely u s 4  in ~t~tospkael-ic science is ""co~umn O,"", This qum- 
tlay i s  the total number of molecules czf 0, in a cdumn d unit cruss-sectional aea  
@sudly a squme centimeter) mming from che Eafihk s y u ~ ~ e  10 the top af the 
atmosphere. Qpical values of column 0, range from 10'' to 10''' molecules of 



O, cm-'. For simplicity, column 0, is almost always expressed in Dobson Uniw: 
(Dtd), The Dobsos~ U ~ t  is tbe height of the o3 jSL the colura7n (in miUricentbeters) if 
compessed to s m d m d  temperamre (2"6" KK) a d  ITressure ( 2  atm =. 101 3 hPa), Far 
ample ,  1 x 10" mdotecules of O3 cm "auld, if compess4 to STF", fom a vulume 
L cm by I cm in G I P O S S - S ~ G ~ ~ Q I ~ ~  mea md 43-37 cm in hei@t-which Hs 3"1 DU. From 
Figure 1.2b, one can see that most of the 0, in the s&atcsspl~ere;: is located between 
100 and 10 h h .  Because of this, this region Inas come to be &lawn a;.; the ""ozone 
layer"" 011ly a sand1 fraction of the 0, ~cldanmxs lies above ahorat 35 h, and about 
16% osf the 0, colum resides in the &oposphere. 

Thme are two reasons why column 0, is of interest to researchers, First, it i s  re1- 
ativeLy easy to measwe from the ground md from space. As a result, there i s  rn 
extensiue recod of column 8, measwemeas, some of it extending back to the 
1930s. Second, as mentioned t=xlies9 the O3 in the atmrzsphere screens the biologi- 
cally dangerous shmt-wavelengrrih po&ion of sekniti&t before it r e ~ h e s  the %dace of 

. le is the total. cslwm of Q, that is the most lirnpar~;nl; detembnf of bow 
much of the hamful radilis-~ion is screened by the atmos ith how the 0, is 
distfibuted in the colum king of less impsrtmce. Thus, eofum 0, is ra errracial 
qumtiq in delemining how cknmges in the atolaospherrz affect the biosphere [4,31, 

Piguse 2.3 shows contours of ntxtl~em hemisphere columr Q3 an Wash 21, 1992, 
The plot shows that, in general, column 0, in~~eases  as one moves from ?he eqmatss 
towascl. the pole. In addition, there is sig~ficant Isxzgitladind vdabikity, At 6ClaN, for 

Figure %.LO Nmkhem he~sf ie re  dd-lati&& cofum Ot distfibution an March 21, 1992 
(black lirles). Nso shown are ge~p&nt ia l  11eigl.rt centaurs on h e  300 bPa swface: (doad 
lkes, no labels) &om the UKMO analysis. 6 o l u m  0, values arc "rlersim 7 TOMS data. 



exmple, coitum 8, rdllges from about 275 DU at %Qo Iongitulde to about 525 D W  at 
296" Iongitude. 

Also shown an the plot we contours of geopotential height on the 3W hPa sudace, 
Much of the 1IongIWdiind variabillity in calum O3 i s  associated with the 18tin"lgr 
Iowehg of the appr  &opsphere by &oposphe~c weakher systems. The seasonab@ 
dose co~esponde~~ce betwmn the G O I U L ~  0, and the passage crE weather systems 
was first not4  by Dubson L$], m d  will be discussed further h C11aptex 5, 

Pipre f .4a shows the annual cycle in column 0, in 2879. M i ~ m u m  cuIumn 0, 
vdues are found over the equator (-275 DZI), with c C I E U ~  O3 haeasing as one 
moves away from the equdoll At mid- and ~gkz latitudes there is a s&ong sewoaal 
cycle ~ E I  colum 03. At 6PS, average er>Xaamn 0, vwies from 3 15 DU in Mach, the 
sauhern hemisphere late summer/eaZy fall, to 425 DU h OCk/(;;lber9 the srsu&erra 
hemisphere ealy s ~ h g ,  A larger" eyeb occurs at 60°ift", w i a  average csluxm a3 
r a g k g  fro~n 31k0 DXT in September, the no&erat( hemisphere Bate suf.rtnraer/ea* fd8, 
to over SO0 DU in Mach, the ~~ofihern hehsphere late wirater/euIy spfing, AZsa 
note &d &e high-ljati&~c%e colum O3 maimurn is lager in the nod11ern hemisphere 
(500 versus 425 DU), md appears n e a  the pole irrr the 110ahem hemisphere but can- 
siderably off &e p i e  in the southern hemisphere. These hemisphede diRerences in 



the two hemispheres, 
Rere rare severail aspects of Eihese plats that might stGke the reader as puzziing. 

First, a; we will discass in &Ihapt;er 3 , 0 ,  is producd by sranliglrt, Because the eqaa- 
t o ~ d  region r~ceMss cotasidePnhly mare sunlight than the pales, oxle might expect tQ 
find hlgher c~Lumxl0, wer the equator, mks is not the eae-instead, the: regions of 
high 0, abundance do not correlate with the regions of high 0, production. The 
region wit17 the bighest production rate {the tropics) rrrctudly ccbnt;lins the lowest cof- 
wma 0, abun&nces, Second, the Izigl-t-latimde column 0, maimurn occurs in the 
late winter m d  early sp~ng ,  a&er these regions hdve experiened severat morn&s crf 
total or aslear-to~al dakness, r"agai11, this seems inc~nsistent with the fact that O3 i s  
fomed by sunlight. 

mese geculia~ties in the column 0, distributisn underscow the inapurtmce of the 
w;tnspaa crf' 0, for underspanding the 0, distgbuljion. 0, is indeed predaminantly 

Fiwre 3.4 Contours of zhltndlgi and monthly averagd coXu~srn Q3 (Dtf) in (a) I979 and (b) 
2989. Tick m a b  represent the rniddte of the month, The ""M" vmboX l c ~ ~ a t d  in &tohr l%e. 
high sathem latitude in 1989 marks the Zncatttir~z of: the cyzsne hole, Column vdues are 
version 7 TOMS &a, TOMS requires sunlight: for its messurements; the kaedvy soBd Birae 
xnarks the regisrx where total &ahess prevents da&t &rn~ being obbined, 



producd nem the equator. Wswe~er~ palcwmd tr;aa?ispaa moves this 0, to higher 
latitudes, The magnimde of the &mpctlst has a seasonal qcle w&ch is a p i m ~  
c a f i ~ b u a r  to the semonaj eycie in mid- a d  high-latitude colum CI3* The rate of 
trmspofi is lmgest in the wintex; wck this leads fa the build-up of la3 &ring the dark- 
ness of Kgh-latimde winter. We disctxss s&atosphe~c trantspofl of O, in Chqter 5, 

Imagine h t  you are designing a l~igh-speed sxrperso~c passengm &craft to By in 
the stratosphere at, say, 25 km, You might think that, to save weight, you would not 
c q  oxygen far the passengers to breath, 'tzut will hstead compress s t a t ~ s p h e ~ e  air 
up ta 16200 Wa d 611 the cnbh with thattf-, Xs this a good idea'? 

Robably not. First, air compressed adiabatically to 1W Wa would have a tern- 
prature q u a i  ta its pokntjiai te~nperature. Air at 25 km has a potential temprature 
of a b u t  604) K, so you would n d  to cool this air afier coaaczpressia~ h t  b e h e  it 
was sent into the cab &erwise, t&e passengers would cock, 

Second, it is generajky believed &hat breathing high 1e:vr;ls of 8, can be i.s 
Inurnm health* Values of O-, of over jlWlS@ ppbv are generalily considered 
ufiealay md to be avoided, In the stratosphere, 0, abundmces of -4-7 p m v ,  or 
a b u t  SO times geater tkm h e  d e d t h y  level, are typic:&. Obv 
g~eed to scmb this O3 out of the air &fore it is sent into the cabi 
wsmid poison the passengers, And 8, is not the cady toxic cons~tuent in the strato- 
sphere: there are severaj others abat would have to be removed pdor to b r e a ~ n g  the 
air. 

From this it is clear &8k the stratasphere is a suq~singly toxic place, and you 
would not want to brea& it vvi&out trea~ng the air to m&e lit more krospibblle-. 

Over the past few decades, the ali-urzdmce of s~atosphefic 8, has k e n  decl?iraiaxg, 
Dependi~~g on the timing, magniade, md locatalircm of the O, dwEne, the dwrease of 
stratospheric 0, i s  traditiondly divided into severd different scienf ific problems, We 
wiEI discuss these nowVC" 

1 -3.1 The Rrztaretie ""ozone h l e S f f  

One of the most impoganf events in atmasphefic science ww the publication by 
m et al, [ 121 sf measureaol~ents of cr;~luna C13 taken over Antarctica between the 

late 1950s and mid-1980s. meir da& sfnowed t h a  the spring values sf calum 0, in 



the mid-f 986)s were 50% lower thm column 0, measuremerm&s taken in the 2 9 6 0 ~ ~  
Fufiher resmch showed the drmatic evolu~oaa of what has come to be hewn as the 
Axlearctic ""ozone EaesEe9'. The Anmctie e), profile in late August 1993 looks noma1 
(Fiwre 1.5), wi& a ccslum abundance of 287 DU. By mid-Octohr, hczwever, v i ~ u -  
ally all s f  the 0, &tween 14 and 19 krn altitude has hen destroyed, reducing the 
column to b low 1 W DU, The area s f  the ozone hale (a9 delriinecf by the 220 DU can- 
Ib)w) in I992 md 1 9 3  w~ about 25 x 10"" km"(see WMO [ 131, Figure 1281, csr 
about 10% of &e: sour&em hemisphere, The ozone hole can aksa be seen in Figure 
%.4& in Octokr, 

build-up sf man-made chXctroCluoroewhns (CFCs), alaough it took several years 
for the e x x t  meehauPisms t;s be deduced. Both sctienti&calXy md ;politically, this 
obsewa~on of significant lower stratssphe~e 0, Ioss wm a shwk. Wor to the 
Faman er ale obsematian, spate-of-the-ar;l; modef s had prdicted that the eanr-izrzaed 
ref ea FCs would result in decreases af 0, in the upper s&atosphere near .Il-f) krn 
(see 11 51, Chapter 131, with Uttle egect lower in the atmusphere. Because 

F$g.g?.oare 1.5 8, profiXes measured in the Anactic vodex by bdltxtn smrjcs ;in 1993 1141, 0, 
abundmce i s  expzrssed in parctid pressore (mPa); dividing by the pressus yidds the %rm 
(e.g. 20 rnPa at 180 hPa i s  2 ppmv). 



2 2 3 The O z @ ~ e  Pralil%em 

lietic; of the cofumn" O3 is Bwatd in the upper stratosphere, wends in column 0, 
would only become obsemable sometime ix~ the twenq-first c e x ~ t ~ ,  

The mexpccked ohsenation of signiffcant lass af O, in the lower s@ato,osiphere, 
wfaerrt: the rnajoGty of the a?, column resides, memt that sometlxing scricntifica;8;9f51lly 
interesting as wefZ as potentiaiafly disaskous was sccumkg. The Anbrctic ozrjne kioife 
i s  EIOW one 0% the most tlharc3wghly studied and well-underst phenomena in the 
atrnospihlere, It turns out that the mique metet~rc~aflogical properties of the southern 
hemisphere polar region, in p~tieuiar the Iow fempratures, combined w i ~  p a t  per 
billion concentrations of anrtlPrr6:1pogenic ehlio~ne lead 60 unique polar chexniskry that 
~resralts in rapid slfestmctic~n aE 0," It should be nokd th& this pokm chernisw aIsa 
occkuns in the Arctie, but, ox?ing to digerences in the mefear~logy of the hemispheres, 
less 0, loss occurs in the Arctic. This topic i s  discussed in detail in Chapbs 7, 

The Antarctic azone hole is a dramatic and disturbing event, but it,% remote location 
~ n d e r s  it egectively imelevmt to muck (BE the worXdfs population, mast of whom iive 
at rru&hem mid-latitudes. Of great coneem to this majority, however9 is the realiza- 
tion that 0, is also deereasing at mid-latiwdes in bbaTilia hemispheres. Figrare 1.k 
shows the aamnual cycle of ccAuxrrxa O, in 1979. A compesm with Figurn 1.43, the 
annual cycle of calunrall O3 in 1989, shows definite dcgii@eremces, In general, the mid- 
and kgh-latiturle colum &), is about 5% lower in 1989 &an it is in 1979. At law 
latitudes, there is little or no digerenee in coI.a;rmn 0,. 

It is impoflant to not infer tm much from the eamp&soxa b t w w n  Figures 1.48 
and 1.4b. Fhst, when compxing atmospheric measurements, one musf @kc ewe not 
tct inteyrer random v~iability as a trend, We have not provided ally evidence tca 
show that the digere~ces in these c=o]tanl~~r a3 maps could not resuft from year-&a-year 
v;ns;iability- Seco~~d, one must consider oaer Fdctors, such as the sola cycle or p e ~ -  
odic mekeorols@cal phenomensn such as the quasi-bienraid oscillation (QBO), The 
obsemed cligerences between 1979 and 2989 column Cs, ablandmees ~ g b t  not be a 
trend but part of a repesllrirag cycle, 

To identify treds in the data, reseat-chers process the time sefies af column O3 
data using starisdeal models that remrsve itU of the known sources of cyclicat vari- 
ability (e.g, sofm cycle, annual cycle, quafibieckniaX osciflatioax) as welt as random 
vitfiability [16,171. Changes in 0, that remain are aka~buted to chemical destmc- 
dm by anthopsge~c trace gases. Figure 1.6 shows the latitudinal dis&ibur;ion of 
the coJtxmn 0, trend detemincd from such a madel, It slpows, in agreement with 
our eyeball eestimrclte, &at column 0, Elits decreased by 3-9% per decade ;It mid- 
and high ilatitudes, with little change at low la&tudes. Tbe large erosion of column 
0, at hi& soutl~esm %acti.kiides is ate;slibuted to the gmwtih of the ozone hole: duhng 
this ,~;"@.~tzd. 



Figure %,Q AnnwlIy av~aged column 0, &end versus latitude. The &end war detem~hed 
from TOMS data (vmsion 7) cwering the dme pfi& bewwn ltnB md IOi94. (After 
Mchters el al. [18], Figure 4a.) 

Pigrare 1.hslaows the altitude depndence of: the O3 trend, In agreement wi& 
Figure f '6, &ere is little ehmge ia 42, over the equator. The 0, t ~ n d u  inmeas% as one 
moves away fro~n the quator in both hexnaispbews, The tmge Q, @end in $he high- 
latitude southern hemisphere near 100 Wa is agah due to ehc gro\v& of th;t-tc Anarctic. 
ozone hale over the time p e ~ a d  of  kbe study, 

As predicted in the mid-1980s (see 8 [IS], Chapkr 13), there is hdeed sig- 
nigcanr XOSS of Qg in the upper strdtosphere (-2-1 ! e n ,  ~45-50 h). As previous& 
discussed, hourever, only a few percent of the eb3 colum is fou11.d in the uppa 
stratosphere", so signifiemb reductions in. rO, in this region cause relativeky smdl 
changes in column 8,- I~~steacf, most of the C O ~ U ~ I  o3 resides in the mid- and lower 
~Qatosphere, so it: is the chmges in. this region that fir,zimwil;y deternine cha~~ges in 
the column. 

Figure 1.8 shows the averne naflhem xnid-Iatilmc6e &end htweera 1980 a d  1996. 
&er xraost of" the stratosphere duhg this t h e ,  a s;tif.tisticaUy significstnt decline in 
U, occurred, The grealest loss of O., (7% decade"") =curred in the upper md lower 
smtasphere, with the l e s t  Xsss o e w ~ n g  in the mid-stratosphere, (See also Wandel 
et a%, [20J.) 



F i p e  f,8 Estimate of the mem mnd (198%96) using faw linsmment systems (SAGE, 
UAeka9 SBW* and sondes) at nodhem mid-latipaades (thick line), The bin lkes are the mm- 
bh& 1 -  and 2-a uncerlhties, (Aftea: SFMC [21], 3.54.) 



123 The Decline ef Bzorxe: d 5 

The empticrn af &fount Erlnatuh, a volca~o in the Philippines (,iS5N, 62QoE), on 
June 15,1992 injected -20 x f (3" g (20 Mr) of $0, into the st9;ltosphert: [22,23]. Tllis 
30, is oxidized to sulfate, md this in turn leads do &e formation me$ goMh of smal 
]tiquid e%roplets comp~seb primarily of H,O and E-X,SO,. These droplets, which are 
hewn as stratosphehc sulfate erososols, can pedurb the chernkzlk composition sf the 
stratasphere two ways. First, &ey provide sudaces on which chemical reactions cax1 
t&e place, Second, they intercept and scatter salar md in%"rared radiation, which 
chmges the heating af the stratosphere and the rates s f  F&astsliytic reactions, The net, 
resuh of the increase in aerosols after the: emption sf Mtmrat Pinambo was a dwBine 
in column 8, aver most of the globe, 

figure 1.9 shows globally averaged csliumn 0, meaBuremenb bemeen 1991 and 
1993, the pdod 6 months before to about 2W years dter h e  eruption, Also shown 
we average, maximum, and minimum monthly averages for the period 1979-90. 
Column 0, was vew close tcr the average in 1991. Starting in early 18"LS2, about 
6 months ~f ter  the emptiosa, s o l a m  0, hgins a noticreable decline. By late 1892, 
column 8, wa3 about 3% lower than pre-Pinatubo aversage column a,, a diEerenee 

Fig&%@ 1.9 Corlarmm o3 (DU> averaged ktwc=.@n 6SaPa and 65OS versus nr~unltr~ of yea-  
Mon&Ey averaged data for 1991,1992, a d  1993 arc shown as the heavy solid line. The hemy 
&shed line i s  the monthly average for 1979-1990, The light dshed Iims are the maximum 
anti rxtinimram mmhfiy averages &tween 1979 m d  1990, Data are a combhation of version 
7 Nimbus 7EQMS mQ Me~n=arR0MS, 



that falls below the 1979-98 vr;zl-ability. By 1994 (not shown), column 0, began 
recovering to its pre-emgtion valrses, See also [2&26j, 

There is now a consensus &at the !ow values af csladruua 0, in 1942-93 are 
causally relakd to h e  injection 06 SO, into the stratospil-aere by the 1991 emgtiion of 
Mount Pinatubo. We will discuss this fueher in Chaper 6, 

We hope that this brief introduction has sparked an interest in st=tospheric 8,. In the 
rest, of this book, our gcjaE is to dese~ba: the chemicaj and physic& processes tihat 
Qer;ennine the dist~buiiiosr %ad abundance of 0, in the stratosphere, as well as tihe 
chemieall md physical processes that cause the Antarctic ozone hole, the mid-lad- 
tmde &e~.ndsr, md the decline of 0, afier the emption of Mount Pimtuh, In so doing, 
we h o p  to give the reader a sense of the kauty and elegance of s&atasphcrie 03. 

1, Show how the constant 7.25 x 10'"irx Equation ( 1  3) is defived, What wmYd the 
corrstarnt be if me expressed pressurn in tom md wmted the densir-y in mol ern-''? 
And in g an'? 

Z Unlit-mania. Deternine the density in the form requested, given the pressure and 
temperatuse: 

3, Mixing ratio, 
(a) The VMR of 0, in. the upper stratosphere f 3 hPa, 240 K) is 2 ppmv, What is the 

number density of O,? 
(b) Ef a parcel of this air is moved ta the lower stmtosphere (50 hPa, 210 K), what 

is the VMR and number density of 0, at the new tocation of the parcel? Assume 
that these me no ~IiZemicilX; ckmges in the parcel, 

4. VMR md MMR, There me really two types sf mixjing ratio: volume mixing ratjo 
(VMR) md mass mixing ratio Q M m ) ,  As describd above, the VMR of constituent 
X is the ratio of number de~~sity of X to the ambient nurxahr density: [X]/[M], MMR 



is, malogsusflgi, the mtir: c j f  the mass density af X to the ambient mass density: 
px/pM. Wrjite an expressirzn to convea frank VMR to MMR for H,O, 

5, Pass the sbmscrmn! Assume caHum 0, demases by 50%. How does the number 
of 258 and 306) nm photc~ns reaching the surface clhangeflf you were :e sunscreen 
mmuFdcturer3 would you be mare concerned with changes ia surfidce radiation at 
250 or 300 om? Assume that the absorption cross-section of O, is 1.1 5 x 10"  cm2 
and 3.4 x I0 '%n12 at 250 md 3c30 am, respectively, and eolum 0, is 350 before 
it is f~alved. 



Chapter 2 Fundamentals of Stratospheric Chemistry 

Before we discuss the s&atasphae in dee&SII, we Gsst review some of the fundmentsaJ1 
concepts of atmospheric chemisw and strato~pheric science, 

Thermodynaks reveds whether a process will scleiltr spontaneously or not., For 
sample, at a: presswe of I am, ice i s  shhle below 273.15 K. At higher tempr- 
atures, the~mctdynamics reveals that ice will spoPata11eous2y co~lvert to water, 
Common expkence tells us that tbe tkne for m ice c u b  to melt at ram tm- 
pmture is a few minutes. Srrv~sringly, themodynarxlics dsa tells us that the dia- 
mond fom of ~ a r b t ~ n  i s  lartsbble under @pied atmasphe~c etmC$ljtions md wijlf. 
spontaneously convea to graphite. Moever s&d fllat ""damcrnds are f(;bxt=ver7" 
apparently did not look up the free energy of the va~iaus foms of carbon. ]in 
defense of the adveaishg executive who came UP wi& the slogan, hawevet om 
&i8y expe~ence tells us ahat the cont"@.~sion from dimand &to graphite i s  S~OW, 
occurhg aver time-scales much longer than acflveaishxag exec~tives' careers. In 
other words, thermodynamics provides inhmatisn about the eventual t;lkautc&tme of 
a process, But it provides RO S o m a t i m  about the rate of the process. For stud- 
ies of the chen%is&y of the atmosphere, hawever, a knowledge of the rate of a 
prmess i s  emcial, In this sec~on, we discuss what deternines the rates of chem- 
ical reactions, a Geld refemed to as cl~emical kinetics. 

L% gmt-order r % a ~ t i ~ ~  is one in whch a reactant sponaneousjy transfoms itself h to  
one or more podiurc;&, Exampks of this kclade; radioacthe decay and isomerization. 
The rate: of a first-order reaction is equa:j to the paduct of a rate constant and thre: 
abundanm of the reactant X: 



where k is the first-order rate eorrshnt far the reaction, and ie has units of invase sec- 
onds ( s v *  the abundarace of W, can be expressed in eiaer mmhs density ur VMR 
units. If [Xj is expressed in number density (molecules cm-'1, then the rate has units 
of molecules per cubk centiirneter pa- second (aaxolecules cm3 $9). XE [fc;X k expressed 
in volume mixing ratios (VMb), then the rate is in VMR per second ( 

1% &ere me no other sources or S~&S of X, then the fin~e derivative of fXl is equal 
tcr the in;rstane;lrzestas rate of the reaction: 

The rdte of a reaction is always a positive number, so the mir-reas sign indicates &at 
X i s  h h g  consumed. 

Rearmging and i~tegf-sting Equation 42.2) wi& the initial condition hat the con- 
cen&ation cf X at t = 0 is [%-'& yields an expression for fX] as a function of time 1': 

Note that aver my time infewdl Xfk, EX] is reduced by a factor of Ife (1/2,72 = 
0.368). As a result, %/k is often refened to as the e-folding tin~e or likeime of X ,  The 
cmcept. of lifetime will be discussed at lengtl~ later in this chapter, 

Pk~toly.$is Sdigh t  is composed of uiwaviolet, visiMe, and near-infrared radiation. 
sirnitw to elzag earnitted by a black b d y  at -.5"ag)0 K (see Goody and Yung 184, 
Appndlx 9). These sofar photons c a w  energies of 1 2 0  a few eIectronvolts, ensugh 
to bbrc?& bonds h many molecules, As a result, the ak;lsarptia~~ of solar phomxaas by 
molecules in the atmosphme often results in the moXecuZes behg split into fmg- 
meats, This process, bown as phatolysis, is an imperlmt pdrcpcess in d ~ e  swato- 
sphere, A, typical pglxoklytir; reaction is the photolysis of nitric x i d  (WHO,): 

where hv =presents the energy of a photon. 
Photoiysis is usradly &eated as a Sirst-order process, so that the sate at which a 

molecule is split into fragments is the praduct of a photolysis keqmency (typicalllay 
desipated J)- and the csncen&atio.cm. of the molecule, The rate sf  Equatim (2,4) is: 

J', of course, has units of inverse seconds, 
The photcllyslis frequexley J at. a given poi111 in space and  me is the integral of the 

~l;rod~cr of the photon Aux $(A), the abso~tiion cross-section eT(l;t), and the qadanturax 



yield &A). The integral extends over the poflinn of the solar s p c m m  whose pho- 
tons have sufficiwt energy to dissxiate the mlecule: 

As indicated, all sf the k m s  in the hategrai me generalXy functions of wavelength. 
The ghaton flux q(/;t) is also a furactio~~ of many other ~ ~ a b l e s ,  including the tot& 
amzbmE of ozone lmated above the point, the albdo (reBectivity) of the surface, and 
solar zenith arilgie (S;SA). The absonpiticrn cross-section @A) wil l  ofhen v a q  with 
temprdture, T%e quantum yieltd @a), the frr%ction of photons absorbed that leads to 
fragmentation sf the molecule, c m  ajss be a function of tempraturt=, Xn mast cases 
the ccgumanrz yield is nearly 1, but it is ofie~lr less at wi~veXeingths nea the energetic 
cut-off for disswia1im of the maheeule, For more: Qiscussic~n of plkotalysis, see 
Brd~serar and SoI~mon f2%], Chapter 4, 

As mentioned above, the photolysis fiqueacy is generally a strong hnction of the 
SZA. The $ZA is the mgfe betwwn the Sun and the poht located directly aver the 
absewer" head (the zeka), Thus, an SZA of O0 means that the Sun i s  dire~tXy over- 
he&, wkIe an SZA sf 96" means that the Sun is n e a  the horizon. SZAs @eater than 
-90" mean that the Sun is &$ow the horizon, is. it% sight-time, At raight, photol y- 
sis does n& wr=urr It should be not:& &at for an ohewer in the s~atosphere the sun; 
does not set exacdy at 90" owhg to the obrsemer" sea t  height above the sudace. 
Instead, the Sun cm still be swn several degrees past 9QB, with the exact SZA 0i3 sun- 
set depndhg on the obsemea's dtitude, 

Figure 2,8 shows altitude profifes of the daytime-averaged pbotolysis frequencies 
of several iul~gsmnt trace wfistit;ur=rr& in the stratosphere, The chainage in the photo- 
lysis &eque:ncy with altimde provides i n f o m ~ i s n  a b u t  the wmelcaagth depe~~dence 
of the abso~iion cross-seetion of the rrzoXecwle, For exmple, NO, absorbs visjiMe 
r ~ d i a ~ o n  (wavelie~~g&s &tween and 9W tsm) strongly. Because the atmosphere 
is esseniidliy &msparexlt to visible rd&ation, the radatiaxl field is fairly consam$ 
with height, and the phstolysis fiequeracy for this consdtuent sbuws Iittfte altitude 
dependence, For spwies tl~at absorb shoaer-wavelen@h raHmvioEet radiation, on the 
a&er hmd, the phcrrtolysis frequenq shows sipificmt dependence on. altitude, This 
a ~ s e s  bwause e_b, eficientlcy absorbs u2traviiolet radiation, so there is mare uXa;ravio- 
Zet radiatitjn above the c~d;sne layer, leading to higher glaatalysiis rates tl~em aJ~an rat 
tower: altii;l~des* The photoly~is frequency for HNO3* for example, decreases by more 
khm 2 orders of magnitude as one descends from the upper to the lower s&at~spkr_e;ce, 

Note that the Eafi, clouds, and atmosphere rndtiate sim;elar ta a black W y  at 
-20&304fi K. mese photons of terres&ial, origin have wavelengths greater thal 
-4 pm and generally do xilot hwe enougilm eneru to he& h n d s  in mm~~ec~Ies. m e  
absavtioxz s f  these photons can, however, excilie rotatiom% and vibrdtionai modes in 
a molec-utile, a ~ d  the iaterac~on of these @atens with the atmasphere has imp-nf 
consequences for the Earth's climate. 



Figuse 2.1 Daytime average phatolysis frequencies veaus pressure fur selected species, The 
rates are far typical mid-ladtude candiitjons. The 0, pXlolo3ysis rake i s  the suln of the rates of 
the CPQ3P) aard Q(@) product channels. The rates are calbzulatd by the photutysds routine froxn 
the Goddasd ~ce-dimensiaxlai Chemical Trmsp& Model [281. 

R swsnd-odes reaction its oxPe with wo reacean&, such as the reaction between 
chiorine rarmxide (C14)) m d  atomic oxygen (0): 

and whose rate i s  the product of a rate co~~stant and the concen&atic)~rs of the 
reac tdnt s : 

Seccmd-order reaction rate consha& have units sf cubic centimeters per molecule 
per second (cmi makcuXe-' s I)), md me gemrally functions of temperamre, ZJn1it;e 



first-t~rder rexilians, the abtxndances af the reactmts in Quation (2-8) must be 
expessed in n m k r  density units, K d~ere are no other sources or si&s of the 
reae&nl;s or pr~dtacrs, then by the consemation af mass, 

clrcroj u'i[OTe - dfCll - 40.21 rate = - - - - - - -  
slfg u"t d'k dl 

f 29) 

Temperaare depende~ce ofreuctioc.a~zs Svdnte A~hextius first suggested in 1 8237 t h d  
second-order rate constants v q  expneaially with inverse temperature. The ftmc- 
tiand fam~ sf a second-order r&e coreshnt is often w ~ t t e n  

The pre--expoxlentid factor A, wfich has the s m e  units as the rate csnshnt, is relat- 
ed to the fraction of collisions between the reacmts that results in at succelas.farl reac- 
don, Reactions in wkch essentially evev c ~ l l i ~ i m  resu3f;S in ai reaction have A fa-lc- 

tors of .-.ldfi-" cm' molecule-1 sr, Rea&ions in which the reacbn& must have very 
s p i f i c  sriepl&tior~ only occur fa a smakl fraction of the coliXisions, and cm have A 
factors as smdl as 10 cmbnnolwule- s-I. 

Itra addition to this csns&aint an orientation, there is also in generd a repulsive 
force between h e  reactmts that n~riast be overcome for a rr=.afion to take plwe, This 
is expressed in Equarim (2.1 O) as: EB, the "activation energy" "of the r"exction, me 
km exp(-E,/(RT)), where 13 is the gas consant md ?' is the temprature (K), i s  pro- 
po~ionali to the number of molecuIes whose average trandatiod Enetic energy 
exceds the threshold Ea, It i s  &ese mofecuies that are able to sumount the repeal- 
sive force asxd react, 

Ea can be as large as 20 ErJ m01-< For these reactions, the rate constant will. 
iracrease by --581-90% for a 10 K increase in stratosphe~e temperature. Oher reac- 
tions, espeeiali'ly those involving a molecule with an unpaird eleetaow (known as 
a =dicaj), have an Ea of' zero, Some ~ e o ~ d - ~ r d e ~ "  rextiioaas even have negative 
activation enelrgiies sr shczw a depndence on pressure in addition ts temperature, 
These reactions are mere complicated than s i ~ ~ p l e  two-body BimoJmu1;21r rewtions, 
and kvolve the for~natisn sf reaction irakrmediates pdor fis) fomdtisn of tIxe prod- 
ueQ, 

me NASA Panel for Daa Evaluation [S ]  publishes tables of A factors and E8/R 
for vimaly evew s~snrl-order reaction of stratospheric interest. W s  ixpdkpensable 
resource is widely used by stralosphesie modelers, 



2,1 Kinetics 

An ;%csociatir>~z or three-body reaction is one in which two reacemts combine to fom 
a singIe produet mokcrate. An exmgle of such a reaction is the formatim af chlorine 
ni&ak (ClONQ,) 

These reactions typically t&e place in two steps, First, the Teacants cdtide to fom 
an excited i~~temediate m~iecule: 

where the asterisk signifies an excited state* m e  ClONO," moIecu~e con@ili&as tocr 
much internal energy far it to exist for more Itjzm a few vibrational pehads, and two 
things can subsequeney happen to it, First, the G1OWO,* molecule can collide wit11 
a third hdy ,  denoted M, but generally N, or 02, which cahes away some of the 
intern& emrgy of the excited molecule, &ereby sbbiifizing it: 

Alternatively, it can decowuse back into C310 and NO,, in which case ttiere is no net 
reaction: 

If the pressure is su%cientJy hi&, in other wards [MJ is large, then every excited 
intermediate tlmt i s  famed will collide with a &ird-body M, and fom the stable 
malecule. Ira this case, the fornation rate of CfGtiNO, is qua1  to the rdte of foma- 
tion of the excited intemdiate CG1CdN02*. This is known as the '%high-pressure 
of the reaction, At low pressures, IMj 1s small and the excited intern~ediate ClOPiiB,* 
usually decompsses back to CIQ) md NO,. In this ease, the famation rate of 
CIQN02 is set by the collisic~n rate between 61ON8,* and M. rlkis is hic2wn as the 
"hw-pressure Iimit". At pressures between these limits the rate -:of the reaction is set 
by a combination of the two processes, 

The rate of an msociation reacdoa~ is often wigen as 

wtze-re k* is the effective second-order rate cclnsaxlt. (with units of em' molec~ale s l') 

for the three-baby rcactiarr, and [X) and [Yj are the abranda~~ees of the reactants in 
msefecules per cubic cent-Enncter. It must be r emember  that for these reactio~~, k* 



depends mC only on temperature bur also on pressure, The NASA Panel for Data 
Evaluation publiz;kaes tlzkpka; of %tinee;is data and a famanka for ca1.culatimg the eEee- 
dive second-order rate canstan1 k* of a reaction given the temprature a d  pressure 
(see DeMare et al, [5] ,  pp. 8-1 1). 

Thermal decomposikion mema1 ddecompositisa occm when a maEecule siplies 
into eagnnerats foflowing mnreacajiw collisions w i h  other molecules-usually N, or 
C)2- An example is the thema1 dmoxmpssikian of the chlorine mcpnoxide: dimer 
(eroaclb: 

6310 -c- CIQ (2-5 6) 

R i s  reaction is the opposite of a thee-body associatian reaction. First, collisions 
&tween C31Wa and M trmsfer energy to Gli 1 and create the excited hternxe- 
diate G169061*, mis excited rimztemediate can either esfBi& with mother M and have 
some internal energy taken out;, leadkg to the restabiliration of the iratemediate, ax 
the excited intemedirake ca11 fdl apm into fragments: 

At stratospheriic th:mpa&res, this type of reaction breaks bonds in ody the most 
weakly bou~~d molecules (such as CXOOCI), 

The rdte of xeac~on (2.2 6) is geareraly wri~en as a Grst-order prwess: 

where k - 5 ~  the dea=omposition rdk csrrswt wI& units of inverse seeo~ds.. In 
practice, k" must be cdcul8ted  am Ihe rate of the assmiation reaction and the equi- 
Xibfium constant ktween the reactant. and products (see DeMore et al, 153, Table 33)- 

Eil~kerogeszet~us reactE'Qn~: Reactions can also occur on the sudaces of Iiquid and 
solid paaieies. For exmple, an impomnh heterogenec~urs reaction in the S E ~ & ~ Q S P ~ ~ F ~  

is 

Much 1&e L R S S O G X ~ ~ ~ ~ Q ) ~  reactions, this simple-looking reaction acttaahay repesents a 
far more ~ornpXic~~decI[ process [29-321. Typically, one of the reacmQ is first 



absorbed antc~/into the paaicle (in this ease, HCI). ma, reactions occur as the o&er 
reactmt (in this case, CZOKO,) collicfes with the paticle. Baause sf this, heteroge- 
~ Z I = ~ ~ X S  rextions ~e umdly w~iten as a first-order loss process for the cadnstituexal: 
that 811 c~flXitriii~n: 

where kN i s  a 6rst-order mte consemt witIl mi& of inverse seconds, lising simple 
collision themy, we can write as 

V is the thermal velwity af the mallecerlle, in this case CIONO,. Far a typic& mole- 
cule at stratosphe~c temperatures, V is several hundred meters pa second, rb, i s  the 
paiche sudace area per ~~r volume, also h o w n  as the surface xea density CilIrbre- 
viated SAD), called the reactive upake c~eficieat, is the .iFractiion of collisions 
betvvm11 the reacmt a~d the pmicte thdt result in a reaction. yis &erefore dinlea- 
sionlcss and always &tween Q and 1. Isr general$ yis a function of temprature, pres- 
sure, paaicle radius, water vdpor ahunhnce, and the: gas phase abundance of the 
absorbed coaxstiturent (h this example, HCI) [29,33j. 

Tgkere are two general Qpes of pa~icles in the s&atosphere: stalfak erorosol arrd 
polu s@atosphe~e clouds (PSCs). Sulfate aerosol p~micles are the more commo~, 
First chxacterized by %range el rsail, [34J, these pafiicles are Ziyid, and their csmpo- 
sition vaies with temperature (Figure 2.2). Above -21 5 K, H,SO, makes up 
sf the ma%s of the aerosol, wilkka wdte3: making up viaualelXy a11 OF the remainder, As 
the paicies 63.001, they absorb water vapor, decwdsing the reEa~ve abundance of 
H2S04. Ar teanperdtanres below -200 K, the particks absorb significant arn~unts of 
HNO, f35,36[E. The xnzl;lo~ty of the aerosol p&icfes in the stratosphee are found in 
the lower stratosphere in the so-called ""Srange layer"", 

Aerosol pa~ictes are iniGaXly formed ("'n?raucXeatd" )ill1 rising tropical air mases 
t381. This poduces Page numkrs (-1f)s pmic'des c ~ ' )  of atremely smdl (a few 
mgs&orns in radius) H2S8dH28 patictes [39]. men, on a time-scale of a dzty or so, 
llPese paticles coagralak, resultirtg irP the forxnation sli: fewer (10~-lO' paaicles 
cm-'1, larger particles. A binary phase droplet, such as these H,S0,/H20 particles, 
can, in general, achieve equilibrium with the V ~ U T  phase of one of its components, 
h t  not bath. Because of the much greater aburandmce of H,O crpmpap"ect to H,SQ in 
the stratosphere, these Zf2S0,1H20 particles are in quilibriram with respect to water, 
but are subsarlrr&ted with respect to H,SO,. H2S04 produced in the stratosphere fron~ 
the midatim of sulfur-be&ng species is therefore rdpidly absorbed by tlae particles. 
This causes the campssitian of the wsosol pmicles to clha~~ge, arad ta regain 
equifibriuxn the pafiic:Ie absorbs wateP: rrhrouglm &is process, md coagulation, ame 



F i ~ r r ?  2 2  G~mpositian of stratoqheric aerosols ~ r s u s  tempratarre. %e remainder of the 
aerosol nrmss i s  made up by water. (After Cas1aw et al. [ 3 3 ,  Figwe 7d.Z 

pmticles @ow, Awssol pafiicles are lost when t%rey we trmspoaed back into the fro- 
pasphere as pm of the mean s&atosphefic cixeulatian (see Chapter 5), wbeh occurs 
an a t in t@-~~de af l or 2 years [4O]. For a more dehild discussion of the life cycle 
af mnvolrsanic strat~~phieric ilerosoXs, see C391. 

One source of the E%,SO, in aerosols i s  SO, md 06% produced at the sdace  from 
"nugenic md mthrapsgen-icz xthities, These spcies  re &a~sparted into the s&ats- 
sphere as pafi sf  the overall general cireerladon (see Chapter 5) and are oxidimclfi 
there to H2S04 141,421. mis source af sulfur c m  produce arr aerosol S m  sf &out 
0.8 pm%m ' at around 20 h (see Yue ef al. p31, Figure Ta), deereasing raHidly 
with nltihde, We refen to these ansnvofcaraie sources as ""ba~kgorand"~ sources of 
&erosois- 

Volcanic eruptions are capable of episodically injecting huge momts af surfhp; 
usarajly in the fom sf  SO2 or I-%$, dkectky hts the s&atosphere, The SO, is subse- 
quently midized to H2%Q [42] an a the-scale of about 1 munth [22,44J. This 
N,SC), is rapidly absajrbd by aerosol pafiicles, &lowing the aerosol paicles ts 
&scjrb water and grow, Because aemsol pirst-ictes a e  Bushed orat s f  the stratospl~ere 
in 1-2 years, most of the aerosol s&ace wea due fa a volcmo will have been Bushed 
out of the swatasphere after a few years. 

The eruption of Mount Pinatubo in J~lrrc: of  31995, for example, injected 
-20 x 10'" of Sf), into the stramsphere in just a T w  days 1[22,231. This h~~e;ased 
the Iower-swatospheritc SAD by a. factor sf 30 or more over background f4-51. 
Figt~re 2.3 shows noahem hemisphere pofiEes of aerosol SAJ2 far hckgound 



Aerosol Surface Area (pm2!cm3) 
Figure 2.5 Sulfate aerosol sudace area density versus pressure. The &shed line is an 
estimate of the background aerosol amomk, Tke solid line i s  a high-latitude norkern 
hexnisphere profile crbained in March 1992, and shows enhmcd aerosol antou~~ts rcsultixxg 
frona the emption of Mount Fimmbo, (After hssler ea a/. [461, F i ~ r r :  Ic.) 

cclnditir>ns md after the emptiilon of Mount Pinatubo. Most of the impact on SAD 
was in the iowm s~at~spherc,  with the valcmie enjlamcemcnt rapidly rle~reashiing 
with altitude, We will discuss the implications of this on .Ikre chearnisq of the strat- 
osphere in Chaptee 6, 

n e r e  are -.10 aerosol pmjicles cm-"in the lmes stratasplaere v7J. Ua7rdee back- 
ground crsndltiiioaxs these iaesoso2 ~&icIes have typical radii c?lfC1,14.2 mm f39,45,48]. 
After the emption of Mount Pha&ba the typical radii s f  the paaicb;les increaed to 
-0.5 pm [45,4R]. The distrl.iibution dpafiicls: sizes around these typical sizes is usually 
described by arni~nodal or bimodal kognomaj disthbrxtions [4;9,58%, These are si-mple 
analytic functions af the total number of aerossf particles m d  one or two "effe~tive 
rad"xs"" The effective radiras is the r;lzird xnonlent of the size dist~batio~? divided by the 
second moment, and can be thought of as ar, typical value far the distribution- 

PSCs are found in the poiw regions during the winter tztld early spring, rl l~e cold 



tempratrrrcs there (less than -196 K) permit the condensation of' water vapor and 
n i t ~ c  acid into v ~ a a a s  liquid and soEd fornm. These clouds seme as sites for bet- 
erogenealms wactions that are necessxy for poIm C13 destmetion md the fornation 
uf the Ane~ctiic ozone hole, We will discuss PSCs in detail in 6l:lapkr 7- 

En order to uadersQnd the chernisq of the sbatnlosphese, me must uoderstmd the 
continuity equation, At a given poht ire the seatosphere, the continuity quatian h r  
a constimertt X is 

P is the phatmhemieal production tern-the amount of X prod~md pea unit volume 
per secrsnd, Phstochemicd loss is w~aten  as the product of a; loss frequency L, fyp- 
icafly with uniL3 of Inverse  second^, and the abu~ldance sf X .  This conventicon is 
adopt& because the rdte of desmction of X is generally propoaional (;a its 
abundmce (there are exceptions to this, h~wever), hodu~don, 021 the other hand, is 
gezleralfy independent of the abundance of X, The far-right tern on the ri&t-ha~xd 
side OF Equation (2.22) is the divergeme af the Aux of X,  This tern represen& net 
&mspaa aC X in cl.r out sf the unit volun~e by the wind. Typically, cwh tern in 
muatiozl(2,22) (P, LLXI, etc.) w21 haw t~niies of molecules per cubic centimeter per 
second or "igw per second. 

'The continuity equsrtian is the atmosphe~e equivalent: of balancing a checkbook. 
The terns 01% the fight-laand side caf the equation represeaaa: h e  sources and si&s of 
X in the unit valh~me. If h e  sources and sinks bailtlarace, then there is no net chmge T;X1. 

the abundmce of X, and a[X]/aa i s  zem, If9 on the other hand, the sources and si&s 
sf X do not balance, then the abundance of )(: must be c-lzag~ging lisr response, Nste 
that photochemical production ( P )  always keads t s  a positive time rate of chmge, 
wbile loss; (L fXJ)  alurays leads to a nega~ve time rate sf citn&wge, The r;kmspc:I% tern, 
however, can be either posidve ar negative. 

Depending on the Iwzttionr, time af yew  m d  species in qestion, the jcight-hd 
side sf the continuity equation rnZght be dominated by one or two of the terns-and 
the remkning teml(s) cm be neglect&, A coxnElaa sil-uatioxr in s&atosphc:li"ic chem- 
istry is the case w h e ~  the phmtochemis~ terms (P a ~ ~ d  LflX]) are much larger than 
the trmspoa term (V . (VfX])), In this case, the trmspofl of X 'be ~~eglected, and 
Equation (2.22) can be whMren as 



Let us f~lifiher assume that P = P,,(l   sin(^)), where F", (molecules G ~ I - '  S-I) i s  I con- 
s t a ,  and L (5-9 is a ~ u ~ ~ t m c ,  Xxa other worrks, tlne pmrriuctiur~ vilries ok8er the time 
gehodi l/w? while the loss frcqeeency k/ is constant. In file real amosphere, produc- 
don and lass will o&en v w  over priods of 24 h (a8.tkmough in this example only pro- 
duction is v q h g ) ,  so a typical value sf w i s  2z/(% h). The gez~eral solution to 
Equation (2.23) is &en 

The right-hmd side c3tf muation (2.24) has two terms: a peaurbat5~3n tern (G,ewlJ) 
and a ""seady-state" &m ((Fq,m+ . .. .)/(LQdJQ +I), m e  steady-state tern represents 
the abundance af X that is consistent with the photochemical production and loss 
rates-it is impo~ant to redize that this term is not necessaily constant with eiane. 
The peaurbatiost t.erm accounts for depaflaares of [ X ]  from its steady-state 
abundmee, Note that the vglue of the pfiurbation, initially C,, is sduced by a faemr 
of I/@ evmy 1/L units of time, i,e. 1)L is the "e-folding the" "of the pemrbdtion, As 
t+mt the: peasarbation term goes to zero, md X achieves its steddy-state abundance. 

The e-foldhg time I/L turns out ta be at crucial parameta for understmding the 
k h a v i ~ r  of [XI as a functioa~ of time. The peaurbatioaa tern does not charage 
significantly wer dme ppiio& mwh sht~fier tkdn 1IL; we will shc2w later in tdtis sec- 
tion that the skady-sate tern will also nat change sip i f icmfy aver time perid 
much less than Ill4, As a result-and this is an ianpomnt: pcsht-the abundafam of X 
does not change significantly over lea~gths of time much sho&er than I/&. For these 
time-seafes, we say &at constituent X is LL~~nseme&5, C h  the &hex hmd, ovw lengths 
of dme much longer thm IfL, the concentration of [XI ern change significantly, 

me implications of this we impsrtmt. For example, for C10W8, in the lower 
stratospl~ere is a few hours, Z f  two measuremeEl&s af [GXORSO,] are made in the same 
air pwce1 a few minutes rapart, the abundance of GlrONO, will be about the same, 
regardless af what happns to the air paeel betwen the measusement~&e 
chemisw is simply not fat cnaug2-r ta chcwge fCle)P;S02f, I"twever, if the time 
k t w w n  aneasuremexals is a few days, the11 we cannot expct  fCIoN&r,] to bc 
unchanged. We define zr = 1lL to be the ""tfetime" "of the constituent. As we will 
discuss lgl the next section, this quar~"tty is widely used in stratospheric chernisq- 
Note Aat this lifetime is the s m e  as that dez-ived for Grst-order reactions {Quation 
(2.3)). 

There are two limiting cases for the steady-state &m of Equatim (2.24). If 
L >> GU, &en the lifetime of X i s  much s h o ~ e r  thm the time scale for prshet5opa 
to vary. From Equation (2.241, [Xj,,, the steady-sbte abusnhce sf X, is 



Remembr that2: P is a funetim of 6me (P -- P,(i + sin(m)jr), while L is eonstarat. In 
this cae ,  [XI,, is set by the insantmeous produelricn rate and loss frequency, ;znd 

will Y ~ V  tl~roughout the day as the production mte vxies. In other words, the 
 chemist^ is $4) P&t that the abunbnce af X reacts essentially lintsQnely to the 
variation sf  P wi& time, and [Xjs5 i s  delemined by the instag~eaneous values of P and 
L, mis ins aften refmed trs as ""patachemical steady skate"". 

If L <e: t ~ ;  then the lifetime of X is much longer thm the time-scale for produc- 
tion 10 v q 9  and 

wkrere we have used the hct that r";,e~z"> LPow c u s ( ~ )  in the simpli6catior;l. In this 
case, the chemise is slow compared to the rage of variation af production. AS a 
resuh, the abtindance of X is detemixmd by the average value a.g" P and L, En other 
words, the production rate equals the Iass rate when averaged over 1/m* m e  
instantmesus production rate will not, in general, equd iins&nbnec~us loss rate, We 
refer to t:Es cmditian 8s ""durnd stedy sV&e"", 

As stated earlier, pmduetion and loss rates both tend to vary strsngly d u ~ n g  the 
day as phottalysis rates change, This means that if the loss liktime 1/L is rnwh shod- 
er than this, &en the system will be in pfistwhemieal ste.ead&y sale, m d  [XI can vary 
during the day-i,e, [XJ wi l l  display a diurnal cycle. If the toss lifetime B/E is 
c~mjparable to or longer than 24 h, then the system will be in diurnal steady state, 
and [X) will rsot v q  signifiean$ly during the &ay-i.e. EX] will display tildeJie diurnal 
variatiorrs, No& that in no ease cm  [Xl clt-alaxage significantly over gel-jiods of time 
much shrpder than I/L, 

Finally, this example was bmed on the assumption that the trmspoa tern sf the 
continaaiq equation w a  smdl compared to the production and loss temps, a situa- 
tion that %tses frequently in the s~atosphere. 13̂ liowcver9 it is wcp";th e~nphasizing 
that this assumption does not anean that transpoe is, in general, u~mporlaaab, Evena 
for species for which transpoa (1.1: ~d species is wimp0 
irwrpamnt for other eonstituen@ &at detemirrc the production rate and loss fie- 
quency for X ,  

2-3 I,Ilfe%:imcss, Time-waHes, amdl Time Camstam& 

In the last swtic~n we introduced llte tern ""lfetime". In this section we diiscuss 
this fufiher and introduce the related qumbdes ""sime-scale" and ""dme constant9'. 
These three quantities, whiclra hiwe units of time and are cafien used inter- 
changeably, we impmant and used frequently in the literamre and in colloquial 
contexts, 



Previously, we saw how the abundmce of st constiheat cmnot change over 
lengths of time much shader than the lifetime l / Id  of a constituent. This leads us 
to a generaf definition caf the terns 'Yifeiime"/6tim~-~c~Ief9, and "time consmt": 
the length of time went whi& a qumtity cciuz ckmge of- a process operates. Fm 
example, if one puts a gat of cold water on the stove md to h~cpw when it 
stia- to bail, how ofkn does @me check the pot freme~n&*g, of course, &at a 
watch& pot never kc~ils)? One could chmk &e pot: evev 5 s, or one cotrid check 
the pot S days, But we know from expeT;ienee that it takes a few minutes 
to boil water on a stove, and so you would likely cheek the pot about &at ofen, 
JXI this a m p i e ,  we would say that the time-scale for water to boil is a few 
minutes. As anather example, the time-scale for paint 6-8 dry i s  several hours. So 
if yoex are a skd  to &ternhe when a painted sufidce has ~ e d ,  you wauid not 
cheek evev few m;rnutes ctr every few weeks, but every hotrr or so, h b t h  of 
these cases, the t.i;me-scale gives you an idea of about how long the processes 
under iavestiirgntion take. 

It turns out tkak a knowledge of the time constants s f  a problem is in\raluable for 
t aspects, For exampile, we discussed in Chapter Z that column 

0, dcelix~ed over nmtleh of the Eaah d u ~ n g  the: 1980s- It is dso well known &at the 
aEangement sf the Eafib" ccontixze;n&s aEe@ts the circrmjat2-i;c)n af the stratosphere md 
thereby helps detemixpe the distribution and amount of strafosphe~c 0,. We also 
h o w  that the anangemr=rIf.ts of et>ntiraents can ekarrge, Could lkme declille in colurn 
0, during the 1980s be caused by charlges in the axmgement of the continents? Of 
course not, and the reason is based on time-scales- The topgraphy of the 
clndnge, and this might &deed change the bis&ibudoaa of s&atssphedc but 
significant cha~ge: bkes kens of miilislns of' years, rn~us, ewer the time pefiad of the 
8, changes under investigation (a decade), we h o w  &at there were no sigificmt 
changes to the topogrdphy of &e F ~ a h ,  We ctzn. therefore ~~egldeert continental drifi 
axad mountain hitding as a cause sf O, loss wer the last decade or so. Instead, we 
search for &ose processes that can sect O3 and were changll-ag an a time-scale of 
decades. This mrehd-identiQing relevart t.i;me-scales and iporing processes 
whose time-scales me 200 long or too shofl--is a useful approach that is used 
throughout science, 

]in the previous seetion, the lifetime l/IJ sf  a, constituent was de~ved from the solu- 
eir[)n sf a simplified continuity eqwl;jiun (&mation (2,231). However, there is a sim- 
pler way to degne the Iifedme 06 a chemical eansfieuent: the "repjacernent lifethe". 
The replacement fjife~me is equd to the total abundmce of the constibent divided 
by the rate at which the constituent is produced or des&oyed. One can &erefore 
define a repiacemeat ZilFc;time with respect ta Xsss, 



'rp = 
P I  - LXl - -  

Cdotd production mfe) p 

Note th;lhd the rqlacement lifetime with respect ta loss in Equation (2-27) @ves the 
same lifetime as was derived earlim h 13s chapter* At photoche~~lil?, steady 
state the lifetimes of X witi~ respect to prducdaa and loss me equal. Bt is &so p s -  
sibk to define a replacement lifetime with respct to empork "~;r, but it is rarely 
used, Throughout this bwk and mast of the literaturre, the fifetime of tis eonxbituent 
genera1ly refers ta the rec;IlPrt:)cd of the loss frequency, liL. 

If a constituent X has severat 1 0 ~ s  pathwys, then the tab1 loss frquemy is the sum 
06 the loss frequencies of the bldividual pathways: Ltot r= L1 + L2 i. . . -t- La. Fm each 
individual loss process, we em defixzc: a loss l i f e t he  for that process z, =r Ill,,. The 
lifetime with respect $0 the combin& Ems pazF8wdys is 

Mote ailat lifetimes add in the s m e  way &at resisft'ors in padlec=l add, 
h should be clea kom Equation (2-29) fihztr one can ipore loss pathways 

whose loss frequency is much smaller than orher loss frequencies for tire 
eorasfihenl. Stated aa~t,ther wa;)r, one can ignore any loss process if the lass 
gifebme for &at process i s  much larrger than the 2053 lifetimes of other loss 
processes, 

The Ilk, lifetime that we have discussed up to this p h t  is a ""fae$? lifetime: it is the 
length of time that a molecule wiXl sumive at a given point in space before k ing  
ehemicdly bes&oyed, For long-lived species, meanhg spswies whose local lifetime 
in the ~(liwer sedtasphere is yems or longer (II& r 24)' s), QsmspIlk of the species is 
an impodmt detem~inant sf its s&atosphe~c diskibutirl-tn, For these species the 
"gX0kPa4 lifetime'' IS 0fie111 of interest. The global lifetime can be &ought of as the 
average length of time ktween the emission or iformatisla of a molecule slnd its 



destmction, It is ergt~aE to the tab1 atmosphe~c burden divided by the taa2 ntmos- 
pberic loss rate: 

total atmospheric burden [X]dV 
Z@obnl zz -= (2.30) 

tsal loss ra* ! ~[xl f l  

where the integd extends over the entire amasphere, that this is analogous to the 
simple "repEacement lifetinnc." "discussed in the previous section (see m u a ~ u r r  (2.27))). 

&e can also calculate a. ""srsalctspherie Ufetimc" where &e inlegal h the denom- 
inator of wuatim (2.30) extends only over the stratasphere, Mmy species, sracll as 
the ckrlorofiuor~carbons (CFCs), are destroyed ornly in the stratosphere and &ove. 
n e i r  global a~nd s&n:at(~splae~c lifetimes will therefore be the same. Species with sig- 
nificant tropospheric sinks, such as CH4, have globall lifetimes shsaer than their 
stratosphefic liktimes. Table 2 1  shows the s&atospheric lifetimes of severd gases 
sf impaaance in swataspheric chehsm.  

Gibs Lifetime (years) 

K20 122f 24 
CH4 93 1 18 
CPC- 12 (CIG12F2) h37k 17 
a 6 -  1 1 3 (CGI lCF3) f OO f 32 
@GI4 32 1 6  
GH,GCl, 3417 
M-1212 (CBKIF2) 2 4 f  6 

Based on the: CFC- B 1 lifetime of 45 rk 7 yews. 
Prom Yolk &-P al, [S t ), Table 5, 

2,4 dlfwrdirrate Systems 

En order to malyze and interpret se set of atrnosphe~c measuremen&, one must first 
put those measurements into a coodinate system. For example, if one is studying 
polar O3 loss, then the measuremen& of most inkrest are those in the Iswer swato- 
sphere md izl; X-aigh Eatimdes-a~~d one must be ;able to select those arxeaurements out 
of my data set sf interest. Xn h i s  case, p~ssu re  md latitude mi&t. be the cooadinaks 
of ehrrice, 

Tlae most obvims vefiieal coordhate is geome~c altitude, e.g, how many meters 
a b v e  some reference level (s-cacln as mearl sea Xevel) an air pacel is. AltimBe, 



however, ttlms out ts be diEeult to memure from Eaaftoan or aircraft X;llatfoms, and 
a a csnsquence is raely used, Ressure, however* is eai fy  memured by in sif~t 
instmmen~s, apa&ing it the most cornmoll vertiicaI coordinate, The pressure at tlPe 
tr~pop&use mnges from -3W IhPa at high Xati~des to IW Wa over the equatore 
Ressure decreases maraoto~cdly with dtitude, and at the stratapause i ts  vtrlue i s  
-1 bPa, 

A quantity that skis relaw bra pressure i s  pressu~ aEtitu& ZZ". The press~~re diI.@itude 
o?F a given presswe p is calculated using the equation 

where ff is the scale height, a constant wi& a Vpi~SZlj value of -7 bn, po i s  a mfer- 
ence pressinre (s%a IW hPa, ax~d in the same units as p). 

Ano&er commonly u s d  vertical coordindte ES p~tentiaj  temprature. The concept 
06 gukntia1 temprdture i s  based on an adiabatic process, one in which m heat Aows 
info c.dr out of the air paeel. If an air pace1 moves adiabatictagly to a Iawer pssure,  
then the pace1 will expand. B e c a u ~  no laeat tlaws iratcb the paeel, tbe work done 20 
expmd the parcel is pravidd lay the inemal energy of the parcel, and the tenlpera- 
k~re of the pace1 decreass. Csnverselyg if an air pwcel moves adiabcltieally to x 
~ g h e r  pressure, the parcd is compressed, The work done s n  the parcel by the atmos- 
phere d t r f i q  the compression increaes the internal energy of the parcel, Ieadi~fg to 
a tempratwe increase. 

The potential ternprature of am air parmi is the kernpramre that the parcel would 
have if it were movd adiabatically to n reference pressure, usually the surface pes- 
sure (IOW h h ) .  It can Izc: shown (for example, see Eot~ghtt>n [S2], p, 22) that 

where 69 i s  the potential temprature (often refemed 19 simply as ""leQcr*"), which has 
units of kelvin. a": arnd p are the temperatare (K) md pressure of d ~ e  pacel, respec- 
tively, p, is the reference pressure, Note thde the units on p ;asr& p, cax~ be mything 
as long as they are the same, K, which i s  numerkca;I%y equal to 2fl, is the rdtio 
(c,-cv)ic,, where cP and c, are the heat citpacities of air at constant pressure and 
v01ume, il-espectiivel(y, The poten~al temperamre of the eopapause ranges &om 3243 K 
at high fatitudes to 388 K wer the qwator. Pokntid temprature increases 
manstonically with altE&de, and at the straeopaerse i ts value is .-%OW K, 

me: a&an&ge crf potentid tempramre over pressure em be seen in Figure 2.4, 
which shows s 15 day time series of pressure, tempwstuk-e, and poteratiai 
temprature for a @pic& mid-ladrude air parcel, m i t e  flow in the s~atospherc: is 
r~gproximately fisrizon~l, individual pmceB ern expe&ence significant changes in 



Fiere 2.4 Tjme series af potential t-e~nperamre, temperatwe, and pressure far a typical mid- 
Xatjtude & mass at the quinarox, as detemir~ed from a trajmtw model f534, 

pressure on dme-scales of 1 day, These sho&-term Aucmations are, however, &i- 
abatie, ml~s, when the pressure of the parcel I s  increasing (decre~ling)~ the tem- 
perature sf k%ze air pace1 i s  hcreasing (de~resasing) in such I%, way that the paten- 
tiall temperature remains ccmstant, The result is that ejhe potential temperatu;r@ 
chmges by only a few percent over the 15 d;xy dme se~es ,  despite large changes 
in pressure. in the pmianee of stlawspheric science, potential temperature is k t -  
ter consem& khm pressure, It is this qwdlkXity that makes pr~te~xtia-I temperad,uu"E: a 
useful vefiicd coordinate, 

This leads to an limpt2mnt questan: aver what time-scales are the potential tern- 
pmmre of an air pwcel canservedl The msumptiorr und~rllyhg the concept of 
potential r;empemmsc is that the air pmeli is adiabatic"eat Sfow into or out of the 
air parcel is mro, As we will show iisl Chapter 5, however, air in the ~013icsrX stratcj- 
sphere is k i n g  heated (ii,e. the pctkntial temperature of parcels increae with time), 
while the mid- and high-latitude sdrdtbtsphere is 13ei.az;g cooled (is, the pote~~tiaj tem- 
prature of pwcels decreases with time) [54], The 6me smies in Figure 2.4, for 
exampile, shows that potential temprature of the mid-latitude parcel is indeed 



decreasing wi& time, ajbeit sle\;vly (iB@/at = 1 K day I). 1C:igure 2.5 plots the zonally 
udZy averagd rdiative damping time-scale, which is the time-scde over 

which n temprature pemrlaation is ct;rmped. m i s  hmping time cm bc;: considered 
the lifetime of potential temperdture (much as the &mping time for a chemieali 
pemrbation can be tkxo~ghb. sf as the Xifetime). Over per"irrc%s shorter than this dmp- 
img time, potentiat temprature is conse~ed, Potential ttemperawre is consewed far 
-3tZ and -5 days in the lower and u p p r  stratosphere, respectively* 

This discussidpn b ~ g s  up an interesting poke, Xt i s  aften said that flow in the strat- 
osphere i s  gemmBIIy hofiz~n&II, From the previous di~cussi~~n,  however, it shouiIcl, be 
clem that Bow in the swdtosphere actually %curs close to su&ces of eunstmt paten- 
tiail temperamre, dse b o w n  as isentropic (eonstant entropy) sufidces. However, 
&cause the surfaces s f  eonslant potential temperature on average lie close to sur- 
faces of clorrstmb geaane&ic altiade, Bow in the s&atasphere is ind& apvaximate- 
ly ~oT?zQ~@~.  

Winds in the stratosphere are predominantly horizontal and zonal (east-west), 
Cdpmpanents of the winad velocity irn the mefidional (nro~h-south) and veaieal 

IF7"igurat.c 2.5 Gonrcsurs of zonally md mnrrally averaged radiative damping tkne-,s(3;zle (days)- 
(After Newmn and Roseafield l553.) 
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directions, while ~ t i e d l y  i m p & a ~ ~ t  to the d i s t~bu~on  of &ace gases in the strata- 
sphere, me smdler tha13 the zonal component af the wind velociQ. The dominmee of 
zcbaaai flow xrredns that the air tends to be well mix& in the zt~ad direction. In other 
words, d r  at diaerent longtudes but the same latitude md attitude is more simif ~PS" khm 
air d diEerent latitudes or dligerent altitudes, For this reason, dab &om the same lati- 
tude md dtimde but &Berent Xongikr;kcSes are often. averagd together to 0btai~1 a "zlaaaI 
merage". M a y  of the plots in this book a e  zonal averages (e,g. see Figure 2.5). 

White now h the stxato:usphere is predo&ndntly zonzxl, kdividual air pwcels can 
exprience simificant cf-amges in thek latimde on a time-scale of a day, Such dis- 
plwemenes are caused by plmetaw-state wzves, are often revcrsiblie, so that the 
air puce1 will r e t m  to its o~giaal  latitude after one to a few days. At a given. tali- 
mde, one therefore o&en Ends thitZ: son~e of the air parcels have a chemical cornpa- 
s i ~ o n  ~kracteG~llric of other latitudes. ?%its mems that latitude is s&en not the best 
cbice of horizon&l coordinate. 

We have, however, a horizontat esordia~ate thd  is consened dufing reversible 
meridional tllmspoa by @metmy-scde waves* It is howm as potentid vsdicity (PV) 
[S6], mlus, whike the lati&& sf a parcel d g h t  chiaa~ge during transpod by Hanetq-  
scaje waves, i ts PV r e m ~ n s  comtmt, Ma&ematieally, PV is related to the curl of the 
wind field, the rotation of the Ea&, md the local thermal gradient, and may be: etn~~ght 
sf csncegbally as a fluid dynmical analog of angular momentum, IPV is nsrmaUy 
positive in the noahem hemisphere md negative in the souaikern hemisphere, consis- 
tent wi(;LI tbe sense artf the E d %  rotation, and increaes in absolute magnitu& with 
IabWde on! sudaces of cmsant potential temperature. PV is eonsewed rzn the-scales 
sim2a to the time-scale over which poknkiaX kmpratwe is csnsemed (Figure 2.5), 

As ti result* air at tl~e same altilhude a d  JPV ten&% to be mare s i ~ l x  than air at the 
same latitt~de, making PV a mprisr  horizon~l coordinate [5"7,5S], For simp2ici@, 
PV is often expressed in mi& of equivalent IaGtrade. The quivaient latitude of a PV 
value is the latitude circle that encloses the s m e  area as the PV contom Because of 
its conve~ence, equivalent latimde will be used Erequexkdy in &is boo 
context of a zonauy averaged equivdent-latitude plot, Xmx this t y p  of plot, && at the 
same ecrquivdenk 1;alituc;de and altitude are averaged together, regardless of longitude, 
to obtain a two-dimensional view af the atmosphere. Because equivalent l;;teitude 
more acurakly separates different air mmses, tEs ppe of plot will better cqtuse 
s&ong meridional padiexrtts in the dab-such as those found =om6 t.he pol= var- 
tex (discussed in, Chapter 7). Pinally, it should Ire noted that equivalent latimtlle ran 
be cdculakd frsm geopbysicd parmeters other thm PV [59,60j. 

A long-lived kacer is a constituent &at has a s&ato,rrspheric lifetime sf yeas or longer, 
The sources of mast long-lived Waters are in the trop~spher:, while ahek sinks are 



pbaiXgr in the swdtosphere. A g o d  a m p l e  is &&ous oxide (N20), which is pro- 
duced near the surface through both naturd and anthopgenic activities. It eaters 
the s&arasphere with a V m  of -318 ppbv, and it i s  destroyed in the middle and 
upper stratasphere. The IwaI lifetime sf N,O is -34m years at 20 km, -10 yems at 
25 h, -4 y e a  at 30 km, md a few months at 40 km, 

n e  dtis~bution o"f,O is in general detemh~ed by a eombkation af chc3xn;lsQ 
and dynamics, Figure 2,6 shows a zonal average distribution of the N20 YMR. Note 
h e  strong gradienb in N,O VMR in both the I.liorizan&$ and ver6ical. The veaicalt 
gradient results primady from the rapidly IXncreaskg loss rate of N,O with altitul%e: 
can~bhed with reXative1y slow veaical &mz;pcss$ in the s&atosphere. The horizonbl 
Fddients occur in regions sf slow korizol~M g, Tks will be discussed fufiher 
Ira Chapter 5. 

Swause of these grddienfs, we em use &e abundance of N2Q to help detedne 
the recent hisroq of air masses 161,621, The tropical lower stratosphere, for exam- 
ple, csaahns N,O VMRs getbter thaurz. -250 ppbv, a higher value thm found at high- 
er latitudes or rilEtimdles, n u s ,  a measurement of N 2 0  V m  of greater than 250 ppbv 
in the mid-latitudes smggesb &at &is air is sf  &apical origins and has recently b n  
krrlmpaetl to miti-latitudes. SimilldrXys an obsemabticon of lower saatosphe~e air with 
less &arm 100 ppbv of N,O suggests that ths air was likely recently &mspoflrz:d &om 
higher sll~tubes. 

Figure 2,6 Zondl-average cantours sf N,O V m  (ppbv) for December 1992. Dab are from 
the UAR% Referer~~ kmosphere F"rojec1 (W. J, RmdeT, perrsond 60 



I, Eqwation (2.24) was derived based on produetionm rdte P = B"",(sin(mt:)+l) m d  loss 
rate L, =: LOIXf, where P, (molecules cxn ' s ') md Lo (s 9 ae cansmts, me first tern 
sn the right-hmd side is the ""seady-state" p a  of the soludorx. me second tern 
QC, exp(-LfJa)) Is the p ~ u r k d i a n  tern that damps with a trifedme of Far the rest 
s f  this pmblem, we will assume that is 4). 

(a) m a t  is the. time-sede for the production of X to vq?  (In o ~ e r  words, the aver- 
age praductiam is Po, but instmtaneous procfraction varies a b u t  this av(2rage 
vdue, What is the charaek~stic dme-scale for P to v a q  abmt P J )  

(b) m a t  is the the-scale of the loss cshemistfy of X? Qiln o&er war&, what is the 
I3fe"r;tme; of X with respect to loss processes?) 

From the fom of Equdion (2-%) it should be: obvious that [XI is a shussid that 
shaws no long-term trends, Thus, it must be in some farm of steady state, 
(c) "Fs satisfy yourself af this, calcu%;k;ke a f X ) ( t ) / d ~ ;  and show that the Bong-the 

average of this quantity is wro (by long time, B mean that the time over which 
we average l[Im). Allso, calculate the long-time: avemge production md loss 
rates of X. Are k&ey equal? 

The next & i ~ ~ g  you're probably a s b g  yourself is: is the system .in c~hootocbernicajt 
steady strrl;eW .in the shckst  sense? In sther virods, does &a poduetion equal lass at 
d l  poiats in t h e ,  ar just jrn the average'? 

k t %  look at two cases: first, msulne that Lo 9 m, 
(d) In war&, what does this condition mem? 
(e) C:alculate the lass rate for this condition. 1s it equal to prodtxction:~ Does this 

m&e smse? 
Maw* let" ssume that Lti -4 

(0 En words, what does ;k%s condition mean? 
(g) CaXcsr&afe the loss rate for this condition. Is it equd tla prod~ctid~ln? Does this 

make sense? 
(h) Explain, in. a. few sentences, under what conditions a system is in the strict 

glhot~)ehe~nic;;.al steady state-i-e, instan@nwus production equals loss at a.21 
points in time. 

2, Under cemin candirrjions, the reactive uptake cwfficient Y for loss of GXQNO, on 
an aerosol is 0.05. Wh& is the lifetime of Iower-~trat~~~pherk CltBN02 for 
backgroun~d anid vailcanically gemrbed ~smditions with respect to reaction on an 
aeros01"low do these lifeti~nes c o w a e  with the lifetime af CIEONO, with respct 
to photoc;rlysis6? 

3, Wick-t ccdnshleaerats in Figure 2.1 are pfinlarily fllmo~olyzed by visible radiatit>n? 
Which are p~mariEy phstolymd by ultraviaalet radiation'? 



A Assume there i s  some co~~stituent 74 which is prt3duced ;kt a constant rate clE 
P = IDh molecules ern3 s-'. Constituent X is lost through photoiysis, and the photo- 
X ysis rate consant J, is 0. I s-'. 
(a) What is the steadlgi-sldk eoncenlrafion (neg lee~~~g  kmspofi)? 
(b) m a t  are the rwlacemeat Zifethes with respwt to production mQ loss at the 

steady state? 
(c) Sqpose b~ the J value for losix of X suddenly doubles to 0.2 s-qfor erdmpfe, 

if &e air parcel goes over a refiecd.de cloud), W a f  is the new steady-state con- 
centra~an of X? 

($1 7%e eonce~tratabion of X cannot hxiasmtanwusly achieve this new steady-stacl;e 
value, hsteaid, after h e  ./ value chnges tbe concentration sf X will fend tourad 
its new skady-state vdue. Wfite the equation that descfibes how the abu11dar;lce 
of X achieves 2s new steady-sake value, Haw long does it Pake for X $0 achieve 
its new steady-state value? 

5, The atmosghe~c lifetime of a. constituent was defined in Eqaraion (2.301, The 
s&atosphe~c i l i fe~me is defined (by analogy) fa be 

where the i n k e ~ ~ l  in the numer&ter is over h e  elRkke atmosphere, and the integml in 
the denomimtar is over the skatosphere. 
(a) me atmospfi~eric lifetime of CH4 is -20 yeas, wkIe the str&sspher;sG Metime i s  

.-IW yeas, m a t  dws this tell you about where liar the amasphere GH, i s  
destroyed? 

(b) The main loss process of CH4 is through reaction with OH radicals. This reae- 
tion has a large femprame dependence. How does this explain tl~e answm to 
(a)"lssume [ON] is a p p r ~ ~ h a t e a y  cmstmt. tkoughoasl: the atmcasphere, 



Chapter 3 

3,8 Chapman Chemistry 

The first srxceesshI attempt to qclumtiativel y u ~ d e r s b ~ ~ d  the phatoche&st~ Ip?F ozone 
(8,) was made by Chapman in 1930 [63]. He proposed that elg), is created by the &s- 
smiation of 0, to fam 0 akaans, followed by the reaction btwmn (3 md 02: 

Most of the pi~otollysis of 8, in the stratosphere occurs rat wavelengths in the 
Schumant~Runge bands C 3 75-2W nm) md the Wertzkrg csxltinuum (extending to 
24% m) [441. 

O3 is destroyed by ktl~aviulet photons: 

0 producd in reaction (3.4) can be in one of two electronic states: 'P ("triplet P") 
or 'D C('singfel: C))'). B('D) i s  an excili3;d electronic state, arid is produced when the 
incident photon has a wavelength of less than -384) nm. For wavelengths longer thm 
-325 nm, &e O akoxn is produced in the sound stake O ~ P ) .  For incident photons 
with wwehglgls between 30U and 325 rm, bLfi 0(%) and a(") are producd [65] 
(sw dse DeMore el af. [S), "Fable 8). Becrtlase of tkeis kigber i ~ ~ t m a l  enmgF O('D) 
atoms are n~ore restive than O?P). 

O('f3) is rapidly canvefied to Of?P) through cdlisions wirh rn~leclrles such as 0, 
and CO,. As a result, the ahndance of o('D) is htvveear 1W6 and 1 Oe7 r_Pf the &ran- 
dance sf  Q("P) in the stramsphere, We tsitl hemafter refer ci, O("P) atoms simply as 
Q atoms; ~ x t i o n s  specifically requiring OfSD) aton~s will be so designated. 

The last irnpoflmt Chapman reacticm. is the d k ~ e  reacticsn between 0, md Q: 



iXga addidon to these, Chapman disussd several other reactions now hewn to be 
unlimpofiant, mis set 04" reacdons, known an; the Chapn~an reactionti, fom the 
cornerstone of stratospkre~c 0, clrernisq. 

Considering just the Chapmm reactions, the lifetimes Z/L of 0, and 0 for typlt6al 
mid-latitude Iower-s&sltospheric conditions are 

It tums our that J,, % ko40,[O], so the loss of 0, is dominated by photolysis, while 
k,,,[0,] * k0,,[03], so the loss of O atoms is dominated by reaction with 0, to 
fom 03. 

The Bifetim of 8, is 2 8."-106 times geater khan the lifetime sf 43 in the seralo- 
sphere, Other consrtijtuents have Xiktjrmes of days, weeks, mo~aths, or litjnger-many 
orders of magnitude longer than the Iifetime for 0,. In addition, m a v  phenomena 
of interest, such as the An&rctie ozone hole, mitd-latitude trends, m d  pemrbations 
from wleanms, mcm on time-scales of months 1CO decades, AS a =SUE%, the '40zoi~e'' 
problem ims%ves time-scales raging over 15 orders of magniilasde. mis leads rta 
both conceptual and computationraj difficulties, 

Let us define a new constituent, odd oxygen (Ox), to be the sum of 8, and 8 f e a h  
of ~ e s e  has m add number sf oxygen atoms, hence the rime), The nuxxllbes knslity 
of odd oxygen, [Ox], is defined to be the slam of the numbr demides of [O,] and [(PI, 
Simifdy, the krslume ~ x b g  ratio ( V m )  of 46, is &&zlni=d to be the sum sf the 
VMRs of Q md 0, 

understmd why this is usehl, Xet us w ~ t e  the csnbnuzity equation for 0, and 
0: 

Mote that we have neglected trmspo~ in this example. Summing these equations, we 
obtain a continuity equation for Q: 



The rjght-hand side of Equation (3.9) has two terns. The first term, 21,,[0,], is equal 
ta twice the rake at which 0, i s  photolyzed kcr fom~ O (reaction (3,1)), This i s  the rate 
at which 0, is being produced. The second term, Zk,,,,[O1[0,1, is twice the rate at 
wbieb C) ,  md O res t  to fom 0,. mis is the rate at which eB, i s  hejizlg destroyed. R e  
factor OE 2 in froa of these terns accounts for r e  Fact that each of these reac~osas 
creates 01- destroys two members of Ox, The net rdte of change sf Ox is the diRerence 
between these terns. 

Wobble by their a b ~ n c e  in Equation 13.9) are the terns representing the reactim 
betwmn 8 md O, to fom 0, (reaction (3.2)) and the photolysis of I;Cb fom tbZ 
and O (rezkion (3.4)). These reactio~~s destroy one rnernber of a,, but creak rnoaer, 
Reaction (3,2), for exmgie, results in the loss of an O atam but the creation of an 
0, moiaule, Becarrse the abundmce of Ox is the stlm of the abundmnces of 8 and 
a,, these two reftcdons pmduce no net cha-sge in the abuxlbce of 0,. 

Let us now calcufate the lifetime of 0, in the lower ~triddosphere, When caifculat- 
ing the lifeti-sl-re of a chemical family, one: cannot generally cajculate it as l/L because 
the loss rate of the family i s  generslllgr not propofiional to the abmdmce of the 
family. For Ox, Lhe loss rate is 2k,,,,,[031[0]. Instead, we calculate the lifetime ils the 
ahndmce of 0, divi&d by the total loss rate: 

We have used the approxinsatiorr [Oar] = P3f to go from the first expresson for a,r 
Ito the second; we will show this apps~xin~tion is accurate in the next secdon. I& 
mrns out that &is estimak of the rifetime of 0, is too large by a factor of about 
li 0-20 &cause we have neglected several reactions &at deskoy OX4lbese will also 
be discussed in the next section. A mare wcurak calcu%ation would. reveal that the 
lifetime of 0, in the lower stratosphere is ~evesd months, decreaing to d;tys in the 
upper strd&osphere* 

To review: 0, is creatd by the photolysis of O2 (reaction (3.2)) and destroyed 
by the reacfic3n of 0, and 4) (reaction (3,s)) an time-scales of mcsfaths h the 
ic3wer sl;ratosphere, decreasing &a less thm a day in the upper seatosphere, 
time-scdeites; that me shod compaed with this, the sum of the abundmws of 8, 
and 43 is eonstmk. While their sum is Constank, however, O3 and f) we inter- 
conveaing on a time-scale of tens s f  minutes or less, Figure 3.1 shows a 
sck~emadc of this. 



3 Qbik.or~e Prductio~~ s ~ d  Loss 

photo1 ysis 

2 

0+03 
Fggasm 3,l Schematic ol the Glixapma~x odd-oxygen system, 

An impomnt qestiors stikl rrzan~ns: what frgction esfi3, is in the fom of Q, and haw 
much i s  in the fom of 8 7  In other words, haw i s  Ox pmitimed among i ts  
conslituents"onsideriing just the reactions that intaconvefi 8), (re8ctions (J,2) and 
(3.4)), and assuming photochemicd steady state, then prodaxetian of o3 equals i ts 
lass: 

where the teA-hmd side i s  the loss sate of 0, mcl the ~&t-hmd sine is the prduc- 
fim mte of' O3 (aitema~veZy, prduction of O equaXs i t s  loss; the leA-ksmd side is &a: 
produetiam rate of 8 atoms and the 1.ight-hmd side i s  the loss rate of O atoms). 
Reammging Qmtispn (3.1 i9 ), we get: 

Figure 3.2 &aws that &is ratio rmges f m  1017 in the lower strato,s;phere ta 1Ck2 .in 
the uppr skatosghere, Thus, nemly all 0, in the s~at~sphere is in the fom of 03. 
Tjfbis jusgfies our assumption (used in Equation (3.10)) tkztt [Ox] = [O,], Note that, at 
night, photolysis ceases (J,, = 0)  and all of the O atoms are converted to 0, via 
r=ction (32) .  n u s ,  a11 af oC), is in the fom of 0, at lljlght. 



Concentration (moleculesicm3) 

Figure 3.2 Cdc~eulat& profiles of the C13 and O nktmber cXensiky (sadid lines, bmam su;in), and 
the rado [B]/[03] (&shed line, tap axis), Catculrteion i s  for 45ON equinoeGa2 eondidtms bas4  
on hytime-average csnstitueml abdmktes and photslysis rates. 

In the previaus calculation, we msumed phataclaemicaX steady-state conditions for 
the members of f),. HOW good an assumption is Illis? To srrrdy this yiuestion, let US 
revisit the continuity equatioa9 for 0, and O atams (muation (3.8))- Assuming that 
the seactiam that inkercoazvert aS, (reactionas (3.2) and (3.4)) are much faster than the 
reactions that produce md desboy 0,, we can r e w ~ t e  Quation (3,8), neglectkg the 
Q, producdorrr m d  loss iems: 

These digerentkdl eqaatioar; we apprapfiate for dmc pfiads shoe compared to the 
f i fethe of %),, Over longer time p ~ s d s ,  the terns represen~ng production m d  loss 
of &), (as wet1 as transp0t-t) can have a significaurrit cumultative effect. 



The differential, equations in Equation (3-13) e m  be solared analytically ta slbain: 

where we have assumed that fO] -- 43" at k = Q md @ is a consant of integration that 
i s  de temhd by the concentration of Ox. Deviations from the stec%y sbte are 
represented by &e exponential terns in Wuation (3,lsl.). The system apprc3xhes its 
steady-state value with an e-folding time of' 1/(J,,,+ k,,,2[0,]), which is the 
reciprwal of the sum of the loss frequencies of fgg and Q. Because the lifetime of 0 
is much shorter than the lifetime of O,, k,+,,[0,J % .to,, and 1/(J,,i k,,,[O,jj 
= IMk,,,[O,j). Thus, the perturbation term is damped on a time-scde equal to the 
lifetime of O atoms, which is much lliess &an a second in the s&al;gPsphere* Conditims 
in flae atmosphere do not change sigxmificanltfy on such sl-sort dme-scales, ss  it is Tea- 
sonable t s  assume &~*t 00, and 0 me always in the pktotaehemkaI steacly state, 

T&ng the l i ~ t  of Equatic011(3,14) as time gses to inetgi, the pambatliosr terns 
in Equation (3.14) are zero. In this cwe, the [0]/[031 ratio becomes J, J(k,,,,[O,]), 
which is the same resulk as was obkabed when cmsi9Ses~ng the solutioa to muation 
(3.14). 

W y  have we spent time and effoa in this ehap&r de1Fr.njlng a,? The season is that 
0, oRew conceptual advmtdges versus thinking about the 4ipcies C)7 a d  Q as 
sep;ljrate enltii;mes, The lifetime sf CI3 is m h u k s  ar less in the stratosphere. n u s ,  one 
wsanld expect that an.  me-ticales much longer t%s, the ab~~mtdance aE 8, e m  
efitmge signigcmt1y- ]In this chapter, however, we k;me s h a w ~  that (1) the lifetime of 
Ox i s  much Ionger rhdn the lifetiunre sf md (2) v ~ u a l l y  all of 0, is in the fsm of 
0,. As a result, the abunhnce 06 0, e m  irr redit-y ody  change on time-scales 
comparable ta m longer &a11 the Efetime sf Ox, This is &ue: kcausc photoiiysis of 0, 
creates an O ;atm that &host  all of the hme =acts with O2 to refor~n Therefore, 
ghorolysis of 0, does not represent a net s i d  of 03. 

It :k$ in fact, quite com~nm in both fomal and cdpZloqui;pH siwations for people to 
use ""ozone" where they redly mean "odd axygen". For example, the literature is ifiilleel. 
with sbtegnents such as: ''the lifetime I.>f ozone in the lower suatosylbere is m011ths." 
S ~ c t j y  speaking, this is iwonect. Phstolysis destroys 8, rapid25 with a typical life- 
t b e  I/L of mhufes or less tlcaf~~gh~tat the strdtosphere, However, the IZetime sf Ox 
is months, and vi&ualliy all of 0, is in the fam of ozone, n u s ,  if you follow an ilis 
paeel in the lower se~.atsr;~lfrc=x"e:~ you wiD see that i t s  0, abundance is consant: sra time- 
scales shoder ban the Iifetime of 0,, This dms not mem that Ga, is nut being destroyed 



in the parcel, On the cantray9 all of the 8, in thc parcell is deswoyed mmy ti~mes every 
day rhstt the pareel is in ssmllight. However, 8, is refomed in the parcel at almost exact- 
Iy the s m e  rate. only on time-scales sf the lifetime af ox are the ee.cts of the imbali- 
ance k twmn  production md loss s f  0, large enough for its concenQation to ckmge 
noticeably, Thus, the s&temefit that the lifetime of O3 in the lower sbatc4spbere is 
months, while tecbicdly incorrect, is tme in a practical sense. 

In addition, there is a campaationall advanage to ushg (3: for numerically 
modeling the stmtosphere. To predict the aibundmce of constituent X at a given 
point: in time and space, models sf  the stratosphere integrate the diEerentid 
equation 

To numesicallly soave F4uation (3.15), the integraX. is broken into short time segments 
of $eng& At and ecznve*d into a summation-a process often r e f e~ed  to as ""dis- 
cretization" "he literamre: on numer-icalily solving digerential eqra&ions is extensive, 
e-g. see Press ek at, [66], Chapter IS). The diEercnce in lifetimes of the s&atospkxe~c 
canstituents means that &ere are several veq  diEere21~: the-scales over wlzich the 
depenknt variables (03, 0, and ather constimenes) are changing (this is known as a 
'%ti@" set of dilflFereriatiraa equations), In order to maintain stability of the integration, 
one i s  requiired t-o foB1ow the variation in the soilration on the shadest dme-scale, in 
this case the lifetime of 0. Thus, a model of the lowel: stratosphere that considered 
0, md O as sepaitte arid indepndeprt species would have to have a time step At of 
less than " ~ c ,  (less thm a millisecond in tihe lower sWdtospbere). With such a smaXI 
time step, it is impractical for a model to iintegrae Equation (3.15) for seasonal or 
yearly time periods, and therefare It vrr~uXd be i~npossirkle to shrxlzcte many of the 
phenomena &h& are of interest, By ~maodcling 62, instead of both 8, and 8, however9 
one can take advantage sf the muck longer lifetime of OX, and use s bigger time step 
in the model, 

Ca~cerilations of O3 abundance based on jtast the Chapman reactions yield estimates 
of 0, that are considerably larger than meaurements. The rewon far this is that we 
have neglected an impofiant 8, lass pathway: radicrrf catalysis f671. 

A catalyst is definedl as a subsrmce, often used in smdl =noants relative to the 
reactants, that increases the rate of a reaction without 1xing consunaed in the process. 
With this definition in mind, cmsider the chemical sewtion sequence first suggested 
by Skolarski and Cicerone f 681: 



In this reaction set, 69. ;ac=ts as ;a caalyst by facilitating the conversion of 8, to eB, 
without being consumed. For this catalytic cycle tcs be impomnd, it has to destroy @), 
at a rate comparable to or faster than the rdte at which O and 0, d i r ~ d y  react. 
Otherwise the catalytic cycle will have little impact 0x3 the overa1 rate of Ox destmc- 
doax, Thus, we have to evaluate how fmt the cataiytil: cycle (3.16) destroys 8,. 

3,3. d Ratg-limiting step 

M a t  deternines the rate that a catalytic cycle Qeseoys 8,"10 figure this scat, Xet us 
Zaak more closely at the cycling between C1 and 610 (Figure 3-31, CDi0 is famed 
only through regtion of GB with 03. is mfomed whe1.r ClGb reacts wikb either 0 
or with NO, 

When the cycle is compleM by C10 + 0, then two 0, are destsoyed, as shown in 
reaction (3. t 6). When 610 mxts with NO, however* the foflowir~tg cycle resdts: 

C1, -ii- 0, -+ 620 + O2 
C18 1- NO --+ 61 -r- NO, 
N@l2+hv+PS@31+0 

Cb,+ksv+I;),cQ 

Note that this reaction scheme does raokf desWoy Our; instead it meres y conve~s O3 
lea 0, 

In ather words, every reaction b t w e n  C10 and Q lieadis to the toss of two 0,. But 
wr evev reaction between f41 mQ 0, Xetlrlis to 8, loss; if the resulidng C10 reacts with 
NO, then a null cycle (reaction (3.17)) results. merefore, the rate of 0, loss in 
seactiorl(3,16) is set by the rate of the =action between @ I 0  and Q, md not by the 
rate of reaction htween CI and Q. In generdl, the rate at which a c~dltlytic cycle 
destroys Q Is dctemiizird by the s l a ~ s e  rewtion in the r;;k.cXe, which is known tlae 
rate-limiting step. We can therefore wfite the sate sf (O, loss tbsaugh reacdon (3.16) 
as 2kc~,,,,[G10~[0~, rfi~e Fdctor of 2 accounts for the fact tkat every trip though the 
caaXytic cycle des~oys two 0, me~nbers (one 0, and one 0). 

Figure 13-4 shows the ratio of the rate of 0, lass through h e  G1 
(2kc2,,,,fICjO][0j) to the rate of 8, loss ~ s e r g h  the 0,+0 rezti 
a function of 6143 ab.can&nce, If tkis rat-io is much less &;an 1, then lass thr0sxgl-r the 

it catalytic cycle is insignificmt earnpared with lass though &e direct 0,+0 
reaction. If the ratio is much greater than I ,  tI~en the caalytic loss dominates the 



Loss c?lf two 
odd axygens 

Figure 3.3 Schematie of the C l 4 1 8  system. bows denote ppahways for conversian. 
krween C3 and GHO. Each mow is labded by the rc;%ir;mr that t-fccompGshes the ccenvemiran 
(e.g. the =row going from C1 to CEO labeled wi& 0, merurs that CI is conveged to 610 
though seacti~n with 8,). 

direct rextion. Eiipre 3.4 s i ~ w s  &at these two loss pathwtrys are equal for a 
mixing ratio of -20 parts per trillion by volume. Typical shatospheric abundances of 
G I 0  are tens to taun&eds af pms per t~lliaion by volume- [46,69-7ll, hdicating that 
desmcdon of 0, Ebough h i s  ca&lytie cyde is  important. The impcpSeance of  is 
conclusion emnot be overstated: the Gi8  radical, even in ab~ndmces as smdl as a 

F i ~ r e ?  3.4 Ratio of 2kc,,,,lao][o] to 2k,,,*,,[O,][0] versus dte abuaxdmce of CIO Ccrtnpred 
for lower stratospheric: canditims: telnprature OF 210 K, [Oil = 2 ~)X)XIIV, md rate consmY;r; 
firt~m DeMrlre eer" a!, /5 J, 



few tens- of parts per t~8lian by voXerme, i% capable of destroykg sigaaificmt m~cr~mts 
af q, despite Q, ab~~n&nces: af several pm per million by volume, 

me 6l-C20 cycle i s  just c~ne of sevemi catalytic cycles &d desway odd oxygen in the 
sbatosphere, There is an N S N O ,  cycle [72] that is quite similar to the @l<IO cycle: 

The rak- l i~ t ing  step of h i s  cycle is the reaf  on between NO, a ~ d  0, Tkere i s  also 
itn m a b g w s  OH-H0, cycle: 

The r d t e - l ~ t h g  step 0f &is cycle is the reaction between Ha2 and 0. 
Note that these thee cycles (rewtions (3. t6H3,19)) me rate limited by reactions 

involving O atoms. O&er cycles, rak limited by reactions hvolving other spaies, 
tend to be (relatively) more impoaarrt in mnsioras where 0 atams are rme (such as the 
lower stratosphere), The cycle 

is rate limit& by the reaction between NO2 m d  0,. Another in~pofiaat cycle in the 
lower s@atosphere is 

w k r e  Z is either @I or Bra The rate-fhiting step is the reat@~on htween 140, a ~ d  
ZQ* 



711e reaction kween CIO md Bra has three product chmnels: 

itf tihe reation follows eitf~er reactions (3.22a) or (3,%2b), then net loss of 0, 
0eGUirs: 

BQ qcles are bath rate l in~ted by Ofhe reaction between Br4Tb sund C10, 
Cycles (3.23) and (3.24) are h p u ~ t m r  in the tomatiara of the htzctiil: ozone hole, 
which we will discuss in detail in aapter  7. 

If the reaction btween BrO and ClO f0-9.Bowli reaction (3.212~)~ then there i s  ~ a c ,  net 
lass of CIA: 

There are tvva mare Ox-destroyi_rag reaction sequences that rely on the pirohctim of 
NO m d  g), front the pharolysis of NO,: 



me rate-limiting step of both 0f these reirtctioa-rs is the r-ak of phcstolysis CPE to 
NO. Note that if NO, is photoIyzed $0 NOz and 0, then hese cyclic=?.; lead to no net 
Xsss of O,-bcause the 0 atam produced will react with 00, %a refom O,. These last 
two G Y C ~ ~ S  a e  of Ijin~itd impaaax~ce in regulating fd,. 

3,4 Odd-axygen Prad9acf;lia~ and Lass Rates 

me continuity equation for 0, can be w ~ E e n  

Production of Ox is h o s t  entirely due to photolysis of O,, so P = 21,,[0,]. The fac- 
for sf two accounts for the fact that each O2 molecule photalyzed prduees two 0,- 
Figure 3.5% shows the annually averagrd Pox. Production increases with altitude over 
most of' the s&atasphere, reaching a maximum over the equatm at about 2 hh. The 
increase with altitude of POA occurs because the photolysis rate J,, increases with 
altitude faster thal [02] decremes, so their produet increases with altitude, Above 
2 hPa, JO2 ceases to increase rapidly with height, so the decrease in [021 causes their 
product to decrease with altihlde. Also note &at POA at a given pressure is greatest 
aver the equator. This is consistent with the fact that the lower l;i%ti&ldes receive, on 
average, mare sudigkt, Figwe 333 shows the jilifetime of 4I4, with respect to produc- 
tion (T, = [O,J/P). 

The mtaI LOSS rate of g), i s  the sum of two gn~es the rates of the rite limiting step 
of each catalytic cycle pius two times the rdte of the rreaetiox~ lac;meen Q, -a- 8: 1I.[OXj 
= 2kc~kofCf01 + 2k~0,+,1!N021101 + ~ ~ I I O ~ O I H ~ , ~  (01 + - . + 2k03a[0,1 101. 
Agdh, the fact6rl: af 2 aceam@ for tbe fact &at e x &  g), deskmetion gatJaw;lly des~oys 
two OX. Figulre 3.4n shows the mnually averaged loss rate af CIA; Figure 3.6b shows 
the lifethe sf  0, with r e s p t  to XOSS ([Ozj/(ie[Q,j) = 1JL). "it'he hemispheric asym- 
me&y h the lower stratospl~ere of Fig~lil= 3.6 i s  due to the rapid LOSS of O3 a q s ~ c i a t d  
with the h t z c t i c  ozone hole, 

As wi& productistn, Figure 3,612 shows that the loss rate of 0, hcreases rapidly 
with dtitude ~ o u g h o ~ t  most of tlr: stratosphere, reflecting the increase wi& 
dtiwde ad" the abu~dmces of 0 and the 0,-destroykg rextiv-ve -r&r;Bkais. Below a b u t  
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1Ci"fmrt;s 3.5 Gontsurs of mnraalIiyi averagd (a) Ox praduetlio~t.rr rak (in I@ molecules em-3 s-I) 
and fb) 8, l i f e h e  with respect to production (f63,1/P), in days, These caiculatiarns are from 
the Crwlhd two-diancnsional cXimatolsgicd eircukdim mdeB [73j. 

30 h, Figrr~s 3.521 and 3.6a show th~glaf: the anrrzuaiBZy averaged. ~aderctiurn and loss 
rates me generally not quai. &duction exceeds BOSS in the tropics, while loss 
exceeds pmduction in the extratroples, Tra~spofi of 8, fram the Wopics to higher 
larit~des closes the budget, and ensures that the a~~nuajly averaged change of lower- 
s~atospheric 0, is close to zera, This will be discussed ira B e ~ i l  in Chapter 5, 

Above 30 km, &e rates of productisr~ and loss are approximate& equal. Xn this 
region, chemiis~y i s  much faster dha~ trd~~sparh of 01,, so we can assume &&at 0, i s  in 
steady state* Between about Ill) a~d 2 hPa, tbe lifetime of ClX i s  greater than a day, so 



Figure J,6 Contours of amudly werag& (a) 8, loss rate (in B f S h ~ l ~ ~ l e t ;  cm" s 9 and 
(b) 0, lifetime with respect to lass (11L) (in days]* "rttese ca1cula;ons a e  from the Goddwd 
two-di~nensiond climatological cciculaaion model [7371. 

PQA and LIOxJ are equal when averaged over 24 h; the system is therefore in the 
d?iklmai st;c=ady state* Above -2 hPa, the fifetime af C$ is much less &an a day* and 
ins&nWeous prduedon mc9. loss of Qa, ciln be considered equal throughout the day; 
the system i s  therefc~re in photochemical. swady state, 

Figa~reas 3.7 and 3.8 S~IOW the con@ibutiaras sf the various catalytic cycles to the 



Figrtire 3,7 Tiven@-1Fsu~ frour average 8, prdkletion m d  loss rrptes for the VE~G~QUS catalytic 
cycles. Calculated for 35"N, September conditions. (After Ostemm ee ad. 1751, Figure 2,) 

0.0 0, 1 0.2 0.3 8.4 8.5 B,@ 0.7 
Fradion of Totail Loss 

Figure 3.8 Fractiar~ csrf taw 0, loss emtriba&d by the vhous  chemical f a ~ ~ g e s .  Cdctzlatated 
for 3S0N, September condirians, (Adapted  om Bsteman et aE, [E], Figre 2.) 



told allass rate s f  Q. The OA line represeulls the contributisrn from the dkecl: reaction 
between Cll, md 8 (reaction (3,5)), This reaction is respt3nsr;lPEe for a few percent of 
total lass in the Iswer stratosphere, increaing to a maimurn 06 -38% cjf the totidl 
lass in the upper stratosphere, Note that this explains why our estimate 0% lower 
sbatosphefic 0, lifetime ealier in this chapter was too Iage. By eonsidering only 
the 034 =action in our calcul&ion of the 0, loss rate, we underestimated the lower 
stratospheric Iasm; rate by a factor of -20, leading to an estimate of 0, lifetime that 
was at fzrcltar of -20 too lasge. 

%fiuaIly dl af the 8, loss aaribukcli to Ng), chemistv crccllss &rough the 
NO,-NO catalytic cycle (reaction (3.18)). NO,-cablqrzed loss is most inrrportmt in 
the mid-stratosphere neas 18 Wa (-34) km), wilere it causes two-thirds of the iB, lass, 
The HOx line represents the sum sf the two OH=HO2 cycles (reactiaazs (3.19) and 
(3.20)), The cycle rdte limit& by 11-$8,+0, i s  more impogant in the lower s&ato- 
sphere [74J, while the cycle rate limited by EI02-t-8 is more impamnt in the upper 
stratosphere, Together, &ese two cycles dt~minikee 0, loss in bolh the lower md 
u p p r  stratosphere, where they ~e responsible for about half of the Ox Ioss, 

me CZ, Xhe represents the sum sf the caei-llytic cycles that are rate limited by 
C10-t-0, Cl0+MlQ2, a d  &1110+Bs8 (reactions (3.16), (3.2 11, and (3,231, respective1 y), 
Togetl~er~ these 61, cycles are responsiblle for about 1%25% of 0, loss thoughoul 
the stratosphere, Xt should be noted that mmkind is responsible for approximately 
88% of the ckalorke in the stratosphere in the late 1998s, and is therefore responsible 
for the vast majority of the loss due ta the Cl, cycles. fn this wdy, hum= society has 
significantly increased the teal loss rdte of C), in the stratosphere. 

PinalX~r, the Br, line (nag shown in Figure 3.8) represents the sum 09 the bramine 
caaytic cycIes, which are rate Eimikd by aE%rg)+H02 (reaction (3.21)) and B a + 8 ,  
The cycle limited by B a + O  was not discussed previously; it is tEre bromine malog 
to the 65045 cycks, The Brz cycles are responsibite for -20% of odd-oxygen Xsss 
around $0 hh ( ~ 2 0  b), declining rapidly with inaeming dtitude. 

mese relative rates should be considered a general guide, The impofiance of the 
mriaus eatalflic cycles to 0, loss rate as well as the total Ox lass r&e v&es with :laat- 
itude, seasan, aerosol sudace area density9 and other geophysical paragneters. 

AEss ploaed in Figure 3 , h r e  the 24 h average total CIA prglciuclion and loss 
rates. In the Iower stra~osphere, prodt~cfion exceeds loss, This is no% &aubling 
because the lifetime af 0, is weeks to months (e.g, see Figure 3.61, so the system 
is not in the photc~chemicd stedy safe, and we do not expmt production and Isss 
to be eqwl. 

As 0% goes to higher altitudes, the Q), lifedme diecreses, Above -10 11Pa 
(-38 h), the system is in a steady state, md m e  expcts average prodwtion and 
lass to be qual. Between &out 30 and 4 1  km, this is indmd the case. Above 
-40 h, however, predicted lass simificantly exceeds pediicted production, This i s  
m tong-standing prclltrlern w i ~  our understmding of upper stratssphe~c photo- 
chemistry and is known 8s the model " " O Z O P ~ ~  de6cit3' f64,72,75,761, Simply stated, 



models af the: upper stratasphere tend EO predid lower 9, abundmces thm measure- 
ments indicate, The reasons for this r"'2mah a topie af active research. 

1, & hns been suggested that one way to combat the decrease in strataspberic o3 is 
to .am;p;fac&re 0, and tsmsparf it to the stratosphere. Let's look Euar~her at &is idea, 
fa]) Estimate the tobl number of molecules of O7 in the atmosphere. Given this 

mmy 8, molecuies, haw mmy molecules of $, me thef"(: in the atmosphere? 
(b) Estimate how much enern (in Joules) it: took t;o protiuce this number of mole- 

cuks of &),. (Hint: two a, xnolecules are produced when an. 0, molecule is dis- 
sociatd by a photan.) 

(e) Given. a 1ikt"le o-b" &), of 1 months, what is the power required lis mabtain the 
atmosphere's CIA= 

fd) 'fhe lot& energy ct3nsurned by society during 1987 was -80 x f 0" J. HOW cioes 
this mte of power consumption compare wikt~ the power naessw to 1najiXT1ain 
the ozone layex; Would it be femibfe Gust &om an energy point 06 view) for 
mdixsd t13 maintain the @zone layer? 

2, The rate-limiting step. Assume a simple system composed of the foliowing con- 
stituents: CJtO, GI, CD,, 0, md NO, and the fc~ilkowing reactions: 

Assume that [4a3], [OJ. m d  [Cl,] are fixed. Values typical sf  the mid-ladeu;de 
upper stratosphere are: 

Vailue (dapimc averdge) 

8 x 1Q7 m01clc;uHcs ern-' 
6.5 x 10" mmule;cujtes G M ~ " ' ~  

Q.aC)08 
7 x l@ molecules cm ' 
2 x 1 I1 " cm' molecule-' s-' 
4 x 11 0-I (3131' molecule-% ' 
1W" ~en tbdocu le "~  ssx' 

(a)  Calculate [Glf and [ClO], rassumhg the pkxotrxhen~icaii s t e d y  state. 
(b) The ""rte-limiting skpl of the Cl@Cl catalytic cycle i s  the reaction ktwee~a 

G I 0  and 0, Calculate the rate of &is reaction using the value of [GI01 ealcuEat& 
in (a), 



(c) Assume kc,,,, i s  doubled (to 2 x 10-" cm3 molecule-' s-'1, with all other rates as 
given above, Recdeulate [Cl], [CIQJ, md the rate of CBO + 0. How muclz of an 
&pact ion the: rate af odd-oxygen loss dws this reaction rate have3 

(d) Assume b,,, i s  doubled (to X x I@'' cm' nrolmuIe-h9-~), wxa-h dl ather raks as 
given above. Recalculate [@1j, and the rate of C%O + O,E3ow ~nueh of an 
ixmgxt: on the rate of dd-oxygen loss does this aeacdon rate have? 

Qe) In wcr~r&, explain why this result i s  consistent with the conmpt of a ""rte- 
Zi&thg step"* 

3, Let us estimate the abundmce of uppr  stratosphefic ozone. In &is problem, we 
s r m  by nl&irzg the assump"tora of phs loche~~cd  steady-state esn&tiom b r w e n  0, 
and 8. 
(a) Ushg just the Cbapmm aeac6ons, ~ t e  an equation i ~ l .  terns of the relevant ks, 

Js, a ~ ~ d  &Qa3], 101. arad [0,] that equate ps(~ductioxa anat loss af dbd oxygen. 
(b) The quatiom in (la) canGn?; the conmntraitions of bath [0,J and [O], Using tbe 

steady-sate retation &tween them, elbinate EJQ] kom the eqmion. 
(6) Solve flfjls epat isn for [O,] using typied values for the uppr swdtosphere 

(at 35"N; 3.1 hPa; equinox conditions, 3 x I@''' s-' for J,, (daytime aver- 
aged), 2 x 10 %-' for J,, (daytime weraged), 2 x 10 " cm' molecule ' s-' for 
k,,,, 8 x cm' molecule ' s ' for k,,, (effective bimolecular rate), and 
1.8 x 10'%rnokcule crn-" for [GD,]). 

(dl From this, calculate [CIA], 
Measure~~errts of ozone from the UARS m S  ins&exmeaar reveal. 0' eoneemer;ltiorrs 

of -6.5 x 10" molecu11es ern-%t 3.1 hPa, 
(e) Elow does this compare with what yglln eaiculatedWhy are these neat the sme? 
(0 Rmaiculate after iirncludhg ancs&er lass prwess: e l 0  + 0. Assume: that 

[ G l a  = 5 x 107 molecule cm ', and k,,,,, = 3.8 x 10- " cm7 molecule-' s 

4. Estilnate J,, in the lower stratosphere given that the lifetime of Ox i s  3 months. 
ASSU~K Itbe phratochemical steady sate ( m d  ne@eet transpa). Bwed an this 
estimate, wkdt: is h e  lifetime af 10, with respct to ph~lfl~lysis in &is region? 

5, k o u n d  40 krn (where a11 sf the major 0, loss pathways k ~ v d v e  O atoms), lgne life- 
dme of $), is a day* and the lijFcrinrze of' 0, i s  a dnrate, Bmed on ~ 5 .  what frd~tiun 
of atoms &at are f"crrmed from O3 phdolysis react with o2 to refom o,? 



Chapter 4 Chemical Families and Partitioning 

In the previous chapter we saw how OA prrduetioni md loss rates are ciletemined by 
the concengations of O3 nnd 0, a few key radicals such. as HQ2, OW, NO2, CIQ, and 
Bra, and several sate cortsknts and photslysis rates, 'lflne e m s p o ~  tern is deter- 
mined from the witnd velaeity and OA fields. SubsItituthg estimates of these vallrzes 
&tea the continuity equation and then integraGng, 

produces an estimate of [OX.l, By integrating Eq=tion (4-1) wer a suficiendy long 
t h e  (usually sever& yeus), an estimate that i s  insensitive to the initial guess of 8, 
(represented by [Ox],) i s  obtained, Nate that Equatic>n (4. I) determhes [Ox] at one 

at many poinICS tko~&out, the sEr&tsspher(;= in order kc> deten~zine the fax] field for the 
eartire stratosphere, 

Many of tibe i m p  r questions in &maspheric sciences t d a y  revolive xomd 
estiiimatiz-rg how man i s  changing the atmosphere. For exampje, the releme of 
chEc~rofluorwabons (CFCs) at the gounrxf leads to m iazcs"ease in the abwtndat~ce of 
610 in the stratosphere (we wiU discuss this in detail later in this chapter), If one 
knows by how much the abundmce of Cia increased clue to the release of CFGs, 
then muation. (4, fi) can be integrated Wo dmes: once using the namrd $eve1 of 
(the abundance of ClO withc~art rl~e linBr;aeace of CFCs) and a second time usirzg the 
perfurbed level of Cl0 (Qking into ;,lccomt the irrBuenee of CFCs), C o m p ~ s o n  of 
the detemined using tt~ese; different scena~os shows how the reXea3e of QCs 
affects 0,. 

mis simple sounding recipe, knowever, pmves far more difficult ta pmfom in 
practice, Delemining kkae aburxdances of rddicilils such as CBQ and how the &bun- 
dances of these radicals cl-rmge in response t~ atmosphekc pmrbations i s  a corn- 
@icaad m d  nantrivilgl task, and one which is the g r h a q  focus of this chapta. B d y  
with an uaadershnding &;if the mechanisms th.& reguXal;& the ab~ndances of rddi~als, 
l-nowever, is one able to predict the response of the 0, a b u ~ ~ d a ~ ~ c c  to various pmr- 
batioas, both mm-made (like the addition of CFCs to the seatosphere) and rxamrai 



(l&e the addi~on of st~lfur eompoernds to the stratasphwe &om the ewptian of 
Mount Phatt~bo, or &e I11 yem cycle in ultraviolet rdiation from the Sun). 

Inn the previous chapter we defined the odd-oxygen. fmil ly  (Q), whose memhrs are 
O3 a d  0, Xn a mamer analogous to Or, we will define seveml new fm~iIieir in this 
chapter whose membrs inelude the radicals lh;irl me involved in Q loss: inorganic 
chtutirre, Gf,; odd nitrogen, NO,; odd hydrogen, Ha),; and iaaarguaii: brc~mine, Br,. 

Before contiauhg, we will summasize some impomnt chaactehstics of chemical 
fmsies, 

For every cbemicaf fmily, there is a source gins whose destruction by phcstolysis or 
oxidation leads to the fornation of a memkr  of the chemieail hmily. The source gas 
for Ox, for exmple, is 0, (reaction (3.1)): 

Memkrs sf a chemicd fanlily hterc~nveE-1 rapidly9 compdred to the rake at which 
the f m i l y  is meatd or des&~yed, For g),. far example, the reacdons 

convefi arae form af Ox ingo mother* without cfrmging in the tot& abundance of a,, 
at a rate much faseer thm Ox is created and last, An equivalent way af saykg this i s  
&at, the life~mes of the members of ;a chernicd ty are much sboeer than the life- 
time of the family, 

Rlomdlly, the Xifebme of a coxastltrsene is defined ta be [X j f (L [X ] )  -- IIL, where L, 
is the loss freqkien~y for the constituent and [XI is its abundanm, Note that this is 
tme because the loss rate for an individual cr~nstituent i s  almost always propirl:ioml 
to the abundmce of the constituent, For a chemicd fmily, bowever, the lass rdte is 
propofli~nd to the abun&ance of one or more members of the famil-qr, and as a result 
the lil"etime is [Xy]IIL;[ZI), where [ X J  i s  the abetndance of the c h e ~ c a f  f ah iy  ornd 



L[Z] is the lass rate of the Pcamily, wriEen as the product of a loss frequency 1; and 
the abundmce of Z, a member of family X,, The IZedxne of O,, Eisr example, is 

where "other RLS" "presents the sum OE the rates of the rate-limiting steps of the 
other catalytic cycles. No& that. we ktve included in the denominatcsr sf Quation 
C4.2) only those retlctions that are net 1os'c;s far Q),. n u s ,  the reactions O,+ 0 and 
0, phs~aEysis me not included, 

me membrs 0%: a chemical family can afss be ge~eraliy divided into two goups: 
resenxoirs and active spcies, Active species are reaa3tive---they are often radicds- 
and me the memkrfj of a family involved in the catalytic eyckes that destroy 43, (e.g. 
61, C10, NO, NO,], Resewoir s ~ c i e s ,  on the other hand, acre mare stable maleelales 
(e-g. HCI, mf0,) th;rt do not react with 0, and therefore do not eatdyze loss s f  0,. 
How a chemical family is pardtloned hctwwn these active and seservsis species is 

ining haw eEectke it is in decstruykg 0,- 

A chemical f m i l y  is destroyed through ckmict81 rextions that desbsy members .sf 
a chemicd family without creating other membrs of the famiiy. Again using CIA as 
an exm~ple, reiilctim (3.51, 

hsnoys two Q, eonstiturn& rand refoms the source gas 0,. Not all chemical fami- 
lies have loss reacdons. If a family dms not hwe any chemical loss processes, then 
its caneen&ation continues to buiid up until f- source gas has been depEeteQ, 

4.2.1 Source 

In the ewly 1976~~  Eneasusements nf CFCs E97f in the troposphere showed that CFCs 
we% present in ablandances eomespmding to their toQl integated prduction, CFCs, 
it was inferred, were not k k g  des&ayed, but were sinaply aeeumutli&eing in the 
trcbposphere, Ba%ed on this obsemittion, M0lirti2 and Rowland k481 postulated that 
CFGs could be transpart4 into the stratosphere where they would be des&oyed by 
high-energy ut~rmiolet phatt~ns. Tlris worrld result in chlorine atoms h h g  released 
from the GFCs in the stratosphere, md these CI atoms could pfiicipate in the 



62 4 Chemical FarxrriXlirr~s and Ps&iLtis~llmg 

cfarajtytk cycles that QesBoy CD,, Bas& on the work of Molina md Rowland FBI, as 
well as the d iscovq 06: the Ijbl%&rctic ozone hole, the United Nations Eaviranme~tal 
Progam (UmP) orga~zed the Vienna Coaven~on om the Prot~tiolm. of the 43zc~f1e 
Layer* This resulted in the signing of the Montreal Protse~1 in 198hand the 
Copenhagen Amendment in 1992, which committed the signatories to cease pro- 
duction of many of &e P C s  implicated in 08, Xsss by the end of 1995, For their con- 
t~butions to stratosphe~c research, Mario Malina, E Sherwaod Rowtandi, and Paul 
Cmrzen were awaded the f 995 Nobel Phze for chefllii~t~. 

It is now kraawn &at the scenado suggest& by Msfka and Rowland [78) is essen- 
tidly eonect, Hdcrgemaated orgmic molecufes, most of which are mm-made, are 
released at tLe groumd, These mtbiecules 2311 lawe lcjng troposphe~c Eifetbes, mdl 
thesefore sumive long enough to be transgo~%ed into the strartospbere. I& should be 
noted that much of the chlorine in the &opospkxere+ such zz6i that in sea sdr ar volcanic 
e j w ~ ,  i s  wakn=.solrrbZe k79-8 md theref"are rapidly washed out by rain, As a result, 
ekPZofine from tl~ese sources does not reach the s&attbspherr, 

Figwe 41: shows a time s e ~ e s  sf the abundance of organic cMorine in the 
troposphae, The a~~crunt of &apsspherlie chlorine inereas& nearly exponentially 
btween 1968 and the mid-1990~~ reBecdng the rapidly inereasling use of these 

Piare 4% Tat& &opspheri.~(: chXarixrre. From Table 6-3 of WMO [13], md assuxniag CH,CI 
to be 0.6 ppbv* CMorine a o m ~ t s  prior $0 the xnid-1890s are bmed on memurements, 
CUofine amounts dter this time are estimiates bmed on acfherence to the; Mon&ed Pratcb~s1 
ztnd i ts mendments, 



useful moieculkes. Tropo~phe~c cl*rZorhe pe&ed near the: kghning af 1W4 [80], and 
is presently decreasing, awing prhmily to the reduction in CFC production stipu- 
lated by the Mon&eaZ X"rotaco1, 

Because trmspo"t time bemeen the @oposphere= md strawsphere is ~f&pw$ the 
eoncentration of tab1 chlofine in the stratiosphere corresponds we11 to the Uopoa- 
phesic coneen@ation of 3-5 years emlier [81-831, 7ifsis suggests ti~at the moan$ 
of cMohne in the stratosphere is expected to peak between 1897 and 1999 and 
decBIp%e thereage~f, 

Measurements indieate the abunhace 64f argmic clalohe in the trapasphere 
p=kedi in early 1994 at -3700 pp& 1801, Of this, about 3 ppbv of chloh~e was con- 
tahed in the majar CFCs, ~Morinabd hydrocabons, Sagrdrochiomflp~~~ro~mbons 
(HCFCs), md haloas, Wmalfiy of alhese maXecuXes result from humm activities, 
Most sf the resf was attributable to CE31,CI (methyl cM~ride), the main n-ral source 
of ckalsrke in the stratosphere, which i s  produced from alga9 grow& in the 
maine/aquatic environrnena (see WMO 11 31, Section 2.2.31, Satellite data hwe a1so 
comfimed t h t  the domhmt souxes of ciFaXo~arr: in the stmtosphere are mm-anacle 
o rgdc  chldne  mcalecvtles [84). Tablie 4.1 lists the major" c~rgmic chlorine molecules 
m d  thek t r ap~sphe~c  abundarrces, 

TabXe 4.1 Tropaspheric abundmces of chlo~ne source gases for the smtosphere in the mid 
t 9 9 0 ~ ~  

Xsldus@ial Tropaspbehc 61 afam Fraction af 
Species n m e  abundance Qppltv) ahndmce (pptv)a total 43 (%) 

From Tabla;: 1 af Mon&kd eil ak, /80f, except for: CH,@I, which i s  &o~n Table 2.1 af WMQ /I 31, 
CCt aton1 abupxdmce r= the trcjposphe.1-ic aknda~ce  of elxe moler;urte times the number of GE 

atoms in the molwule. 

We will &fine the WM abum&mm af Gll atoms tied up in long-lived organic male- 
mXes to be CC$: 



Note that we hawe mraktipfied the abundance of e ~ c h  moXecenXe by the nunnkr of 
chle>fine Wms in the molecule 143 deternine the concen&ation of a=hlo.rjme atoms, 
Spaies not listed in Eyuatian (4.3) make up only a few percent of CCI,. Hereinaft@& 
we will refer to the chlorine-bearing organic molecules as CCI,. 

Once In the -tosphere, CCI, is des&oyed ~imnrily ~ o u g h  gl-iotolyfjirs by ul&a- 
viokef photons, with a &nw f iac t io~~ of loss scc 
l i febe 1/L, for sveral CCIy spwks, as weU as N,O &md CH,4, is plomd in Figure 
4.2, fn general, the locd lifefime decreases from decades in the lower ~tri~lo~phere: 
to wwks rol- months in. the rapper s&at~sphere kcmse the abmdma of ultravialet 
phohoas and oxidizing radicals boa &crease rapidly with alrimde. Note &at l i fe- 
times of spcies t11at are desaoyed primasy by oxiida~sn (e-g. 6H4) decrease enore 
slowly with increaing dtitude &an the species that are &stroyr=d p r h a ~ l y  by 
phokolysis (e,g. N,O, F12, H I ) .  

Some p q l e  object to the idea that CFCs, emit td  nea the sradace, are traas- 
p o ~ e d  into the strdrtsspl~ere, n e y  point out that CFCS genacrdly have mcplecufar 

Fimre 4.2 EPd@he-nveragc tocd photache~cd loss lifetime XI1, versus pressure for 
severd lung-Eved sp ies .  Vdases me an amual and global average (f~om the G&&rd two-. 
dimensimal clhato.ologicaI circulatzli~a~ mdel. [73j), 



weights sf 100 or more, while the average molecular weight of air is 29, n u s ,  
CFCs we heavier than air and, the agu~nent goes, such n~oleeeaiies should stay 
new the gound, 

F~dunately~ this line sf reasoning is fake. It i s  tme that heavier molecu2es do sink 
toward the gmmd while lighter molecttlc?; rise towards the top of the amosphere. 
Opposing this sepaation, however, are mass-liardependent mixing processes &at tend 
to homsgenk the atmospheric column, Wether the amosphere separates into lay- 
ers on the basis sf mass i s  determilzed by the relative time-scaltes for these processes, 

For the atmosphere to separate into layers based on mass, nraofeculw digusion 
must be the dominant process. XI turns out that this pctcess is extremely slow, The 
kinematic viscosity sf air at Che sudace is v = 0.2 an2 s - j .  We can estimak alile time- 
scale far air to d i f i se  though a scale height ($# = 7 km), which is approximately the 
height of the troposphere, as i12/v = 8 x lo4 years. Thus, if undisturbed by other 
processes, the atmosphere would difiushely separate intc~ Eayem by mms on a: time- 
scale of &ns to hundreds crf thousand% of years, 

Opposing xnoleculm digusit~n are mass-independent mixing processes such a5 
convection in the troposphere and wavity-wave breaking in the stratosphere, In the 
koposphere, buJk mixing prmesses are rapid, homogenizing the twosphere on a 
time-scale of a month or so, Transpoa into the s&atosphere occurs osx a time-scale 
sf yexs. Thus, &ese processes mix &e atmosphere much E=ter than it can 
diffusively sepdrate, 'Hae net result is efaat CFCs do not stifiy near the gound but are 
Ifr~nspo~%ed into the strdtosphere, where they are destroyed. 

It should be noted &at the kinematic viscosity is inversely propofiional to density, 
n u s ,  at 120 h, where the density is about 10-a of the surFtce, the the-scale for 
molecular diffusion thrauglt a scde height of 7 km is about H2/v  = 8 x IV years 
= 5 days. kmder these conditions, molieclxlar diffusion can become hp";"~ant, ;;urad the 
atmosphere does indeed begin to separate k to  layers baed an mass at aese 
altitudese 

A few pasagraphs earlier we wrote 6TortunateXy, this line of reasoning is fdse*'' 
Why is it fofiunate &at the atmasphere does not separak by mass"l"~rgon (atomic 
weight 401, for exm~ple, makes up about 1% of the atmosphere, If the atmosphere 
did separate by layers, Ar would make up layer several tens of meters rlitick neas 
the ground. Since we carnot bre;;tlhe Ar, it is indeed foau~~ate that the line of rea- 
soning presented at the b e g i ~ n g  of this section is false. 

M e n  a CCI, rrroieeule is deslfoyed in rke? stratusphere the Ghlorine atoms tXr& axe 
bound up in it are reteaqed. They are subseqwntly c o n v e ~ d  into one sf severat 
inorganic chlo~ne-k1;1~irag species, 'The sum of these species is defined to be odd 
cNorine or Cl,: 



Loss of Gely though pbotolysis and oxidation is exactly cctmp~~satted. lilr by an 
kcrease iu the abzmdmce of C1,, n u s ,  the sunl of [a,] and fCGFi,] in an air m s s  
remains consbat aver time, ClOOCil is only hporkdnt in: the palar winte&ime ko~rer 
swatosphere, a d  we will therefore ignore it unGI our diswssion about polar 0, lass 
in C%alpIer 7 .  Addi~onally, &e: destruction of CGI, also  leases JRuo~ne abnrs, The 
chehswy of fluorine will be discus~ed later in this chapter* 

Figure 4.3 shotvs t k  locd l i f e l hes  111, of the membrs of the C& fa~nily, I. i s  
imnediatefy obvious that CI md C18 have lifetimes that m much shomr &an the 
&er menakrs of 6'1,. Such sl.toe lifetines a ~ s e  because CJYO and Ct iintercoma=r2 
with eakl other ~apPd$y-much like -0 and Q3. In ma$:%ogy to OX, we define a new 
constituent Clx: 



C11, e m  be &ought of as a "family within a fmily'". The lifetime of Cl, is much 
longer Ikm the Bifedmes af GI0 md Cl for the same reason that the lifetime of (b, is 
much longer &an itbe lifetime of 8, and 0, Rerefare, on time-scales that are sha& 
cornpard ta the lifetime of CIA, ithe abundance of Cf, remains csns&nt, while the 
C18 and C1 molecules me rapidly interconvming, On tiale-settles &a& are long corn- 
pwed to tbe lifetime of Cl,, C4 will be Irmtesesnvertkg with eke o&er members of 
ClP* 

@1, comprises t b  wli'ie cofnpane~~ls of Cly---i.e. those mmbers of CT, involved 
in the catalytic cycles ti~ak' destroy Qz-and. is generdly refened to as "reactive" "or 
"~ctive" chlorine. Ct, is &SO rcfemed to as C10, or Cl*, me 1-emgning rnembrs of 
Q, (~nahly HCll md 610H0,) am resefvcrk species. 

Lifetime (days) 

Ga* I 41 

I 0" "105 
Lifetime (s)  

Fggwre 43 Idifetime of the mmponents of ely, Calculated for 45'N equhoctiaH conditions 
based on &ythe-avemage constibent abundmces and phtltotplysis rates: T;,, -. l/(kc,+N~,,,[NO] 
-& ~c,o+o!o~),  T o  - I / ( ~ C I M I ~ ~ ~ " ~ ,  %orno, - j/(Jcim, dg?caNo,fai 4- k n m ~ < ~ / a f - f l ) ,  %a - 
'li(k,,,T~ifCOnl)* ZLKM-L - ~ / ~ J ~ I ~ ~ ) r  TctX I ~ ( ~ * ~ U + N U ~ ~ N Q ~ I  I- ~CI+CR,L~~~J(E~~I/~C~QIZ I- 
kcm+r~o~EWQ21)~ 



Figwe 4.4 shows in more detail the chemistry b d w e a ~  these sgecies, 6143 i s  can- 
ve&ed to C1 in the reactiom 

while CII i s  conveaed to 610 in tbe seactim 

Becwse the fifetimes of both @ I 8  and dS1 ;-are shaa, the CEO--GI. system =aches equi- 
liib~um rdpidly compared ko the rate that conditions in the atmssphere claa~ge. It is 
therefore a s m d a d  assump~sn that CIO and CI are always in the ph~f~chernica~ 
steady $&tea 

Using the assumptian &at ,ti0 and CI are in the phstochemicall steady state, we 
e m  cajeerlide the lraeio 

DuGarg the dayX this mtio is -10;" n the: tower. stratosphere, rising to -0-1 in tlkf: 
uppr  stratosphere. In other wards, [CfOlf 4 [Cl], a;r, that lo a g a ~ d  approximation 
[CIJ = [Glch] in the stratosphere. In the lower stratosphere, the tern kts10+N(n[N03 4 
k-,clAo[O], Above m35 km, the atoznie CB term becomes irnpsaant, 

At ~ g h t ,  the abundances of NQ and O are vmy small, n u s ,  after sunset, CJ i s  
conveded to GXC) through reaction, with 03$ but &err;. is no competing xaction to 
refom C1, As a result, at night GI, is composed entirely of GIO. This is predicted by 
Equation (4,9), which predicL9 ,s [[C13/[CIO) ratio sf O when [NO] and if01 are 8, 

Fgmre 4-4 Schematic sf the pmifionintg b r w e n  the eonstiituenfi components of 6iz: GilO 
mdi 421, Each mow i s  marked wi& t k  T~Z~LC-t~ that facilihte the co~~version indicated by the 
maw. 



4 2  Odd clkXorCnme4l, 69 

me reactions that iinterconver"l: GjiO CUreactim~s (4.6>-.(4,8)) have no 
eIfect on the abundance of C1, because they are converting one form of C1, to 
another. Ins&&, Ci, i s  only lost when C10 or C1 are converted to the C1, reser- 
voir species 8631, CtONOz, ar HO@I, Figure 4,5 s h w s  a schematic of the par- 
ridoning among the Cl, resemoir species, Note &at, in general, the re~ervoir. 
spwies only interconvefl with 61,. Only undm r8re circurns&nces will the reser- 
voir species react with each ather; these circumstances wil l  be discussed in 
Chapters 6 and 7 ,  

HC11 i s  fom~ed from C1, primarily in the reaction 

Cl+ CH4 -----+ Hrr-Ic1.i.. CH3 

with a few percent OE the prductian from 

HOC 
Figurt: 4.5 Scf~emt ic  of the coaversion pathways &tween spmies of the C1, family. 



The reaction kmwa CXO and OH generdly foms Cl and HO, as prodkac-&. 
However? a small kackiora, (-7%) of the resrctinns &tween CZO and OH also fom 
HGZ f853: 

m i l e  this reac~sn wcws thoughout the stratcjspbere, it is griima~ly irnpoaant in 
@kt? Upper ~&8t0~rjh@re [64,86,SsZj, 

HOCJ i s  famed from CX, p ~ n n a ~ f  y in the reac~on 

In rare ~ireumstmces, farmtiux~ of HOCI in I~eterogenmsus reactions can be 
impom~~t, m i s  willif be discussad IFu~her in Gbapkrrs 6 m d  7. 

The majofity of 6f:(=9N02 moIecuXes ipbtalyze to produce CI md NO,, with the 
remainder producing C;fO and NO2 (see DeMare et ak, 1151, Tabie 40). Oxidation of 
C10NgZ2 by the s@atsspI&ne~s= radicrzlis such as OW, 8, a d  611 &comes kpmnt 
a b v e  a b u t  35 h, m d  i s  the clominmt loss process of ClOMO2 new the: 
sfratopause, 

HC1 i s  cowefied to 421, in the reacdun. 

with a min(11" contribution (less than %) from oxidation, 

h addition to the gas phae reactions discussed abwe, there are several hetero- 
genmus reactions o c e u ~ n g  on the sdaces of sulfbtE: aeros01s that 1nvoIve membrs 
of 64. The sdtzkh~g eoeBcier1ts of d~ese reactions are strong hnc~oxls oftemprd&re, 



and in general these reacdons are important ody  far asa enhmcd sulfak aerosol SIX- 

face area &rtlsity (SAD), such as &at found immediately after ia v a l c a ~ e  empiion, 
QT at temperamres below -2W K. "rhese eoniditions me ruely found h the spillto- 
sphere, and therefore these hekrogenegsus reactions em be: generally ignored, There 
we, however9 ceaain eircexmsances where tj~ese reacfialps crn have an irarpdct ER81. 
We will discuss the role of these hete~a4genesus reactions irr Chapters 6 a ~ d  7. 

Rgure 4.6 shows vefiicd profiles of the va~ous memhrs of Cf?,. The figure shows 
CCIy decreasing rapidly vc.ith altitude, ca~~sisfcnt wi& jts cBesmceion Ihrc~ugla photo- 
Bysis. At the s m e  gme, C1, increases uritl~ altitude, It should be noted &at the total 
chlorirae conterar (the s m  of CCI, and Cly) i s  approximately consemt t&rou&out. the 
s@atosphere. This i s  true keause the rate of change of CFCs in the troposphere is 
smalbZI, compared to the rate at which air is transpoged *ough the skatosphere (a few 
yeas, see Chapter 5) .  

a "I 2 3 4 
Mixing Ratio (pgbv) 

F i ~ r e -  4.6 Measurements of &e major con~panents of s&atasphe~%c eMofix~e versus pressure, 
Data were rnmsured in November 1994 md between 20"N and 49'N [89]. 



Over the mtir(= ~LTbosphere, HGI i s  Efre: domixra~ fom of GIy. In the lower m d  
fnid-str;rtosphere? CI8NO, ma&es up most of lfne re~mkder sf Cf,, In the umer str&- 
osphere. C10 i s  l-kae second most alPundmt fom of ely. MOCl m&cs up at most n few 
prcent of Cly, while the abundance nf Ci atoms m a s  up a negtigiMe fractim of 
aye 

Figuses 4.7 bough 4.10 show meridion& cross-sectiom of 65, GIQ, CIONO,, 
and HCI. The ahrrdmce of CjJ, incre.6~~es wirb bodh atlttude m d  latitude, eransistel~t 
with the mem ovemming circultation (discussed in Ghaprm 5 )  cc~mbined with the 
rapid tlesbuction of @GI, in the mid- and upper-stratasphere. 

The HCL d i s ~ h d a n  (Figure 4.8) has a shqe  similar to tbe & s & i h t i m  of a,, 
with axe abundmce of' HCI increasikrtg with 'both aiti&de m d  latitude. The abundmce 
of C10N102 (Figure 4.9) increases with altitude in the lower stratosphere, maclaes a 
mmimum in the mid-stratosphae, and decreases at higher aZ,Xtihdes, Furaer, the 
abundance of Xower-stratospberic CtONO, as ;;r, Exacdon of C3 i s  greater in the win- 
ter Irenais~-phme e,lran i-rr the su ea: hemisphere [9&lrj, And as one might expet, lower- 
s&atc~spheke ECX, shows the opposite season& cycle: (Figure 4,8), 

8. 
Latitude 

Figare 4.7 Cantsum of 61, abundance (p~abv) for &cexnhrs Vdues are from the G&&d 
mu-dimensional cEimatoIagicaZ ckculatisn m d e l  f731, B w d  on a model to Ilhe skadgr 
s&& using CFC emission Levels fm 190. 
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Figure 4.8 Cantom of zondly averaged HCT abuazdmce (ppbv). Plot ma& fiam b t h  sun- 
set itnd suazdse mcaskxremen& (version 18) by the HsrZogen Occul&tiion Exprimeat (HALQE) 
on the UARS between Febmd~ 4 and March 16, 1994, 

The abundmce of CZIQ is plotted in Pipre 410. Because [CIA] - [CIO], this 
qumkity can alsn be emsidered the abundance of 61,. The figure shows CIO 
abundance increwing with al.t;i&de throughout the s&atosphere. h the lowm strato- 
sphere this increwe is due to increasing C1, abundances. In the mid- and upper 
s&srosphere, ir i s  due lo increasing loss rates of CloNQ md HCI compared .to the 
loss rate of  C14). I>uning winter? h e  gola region experiences 2% h of krkness every 
day-this is known i ~ s  polar night. In &is situation, all phstolynais reactions ceme, 
a d  loss OF CIO through mactioar, vvhh NQ to reform C10N02, or Ulrough reaction 
with other el0 rdicals to farm CIOOCl, continues unabated. As a result, the 
abundme IPf Cia during poim nighe is approximately zem, The ebcmis t~  of the 
pXm night region will be discussed at I e n g ~  in CCkapkr 7* 

Based on our discussions up to this point, we present &e fallowing generd pic- 
mrc: of tf~e paaitianing &Ween tl~e anyor components of 61,: C1,, G10N0,, and HCI, 
During the dw, the membrs  of 61,, Cl and CIO cycle rapidXy with each other* On 
tirne-scales that are long compared to .the lifetimes of C1, and CXQNO,, but shc~& 
compmed to the Xifetime of HCI, CX, is cansumd to prodiuce ClONO,, and 



plxotullysls of G l O w  refoms C1,. On time-scnf es that me long ~ompaed  to the life- 
times; of NC1,61, is csmek-eed &I HC1, rend, HCL b destryed to =form 61,. 

Because of the dserent time-scales, we can divide the problem of C1, partition- 
ing into three separate parts: the partitioning between C1 and CIO, the partitioning 
bet- Q, anrd CIOPJO,, and the pagitioaxing btween HCii and -the sum cpf 61, and 
C10N02 (Figure 4 1 . 1  ), 

The pmitioniaag of CI, was discussed at length earIk3.r in this sm~on, and we will 
not =peat it here. Tfie pailrionint; between C1, m6 G1(9N02 can tor; seen in Figure 
4.32. The abundance of CT, rises just after s u k s e  d m  to the  tia at ion of C164N02 
photolysis (reation Q4,15)) md, in the rapper stratosphere, CliONQ3, oxidation. The 
a b m b c e  of GI, hcreaes ~ ~ 1 ~ 1  the rate s f  PomaGon of ClOPiiS, (gemtion (4-1 0)) 
balances the rdte of dcswaction of C10N0,. At this point, the 61,-61ONO, system is 
in photochemical steady slate [69%, and the relative rtba~darzce of CTIOMO, and CXk 
can be wGtten as 



Figure 4,18 Cantows of zonally averaged daytime GXO abundmee (pptv) far December 
2992, cXe~vd from Urn3 MLS data (version 41, 

D u ~ n g  the dvtime, this ratio is -0,14,2 during the day in the lmer stratosphere, 
 sing tc~ 20-3 (;rO in the uppr stratosphere, Aft@ sunset, the CIA abunhce decreses 
as ClrO redcts NO2 to refom CIQIVO,, h the lower and mid-stratosphere, tEs prclcess 
r~pidly delp%eks CX,, and throughaut most of the ~ g k t  the abundance sf GI, i s  esfjen- 
tiaUy zero. In the uppr  s&atasphere, &.xe recombination reacdion ( 4 1  8) i s  slow due to 

Ffgaxle 4,Xb Schematic of C1, pmitioning mang its major membrs, Tale cycles are grsupd 
by time csnstmt. 



the low I)L^I=SSUII~: found there, AS a result, GI, decays slowly throughout the night, md 
can still xnaiglfain an appreciable concentration at sumise of &he next day, 

We next consider the pdeitioning between [HCZJ and &e sum of [CXON02j and 
[Cl,]. In the %owm and mid-stratosphele, i@tONO,J 9 [CI,], and the mtio 
([GlONO,] + [631xj)/[HC8] -. [GBBPIIICB,]/[HCX]* We next expa~d this ratio in terns of 
the ratios af constituenb &at are directly related by chemicrzil reactions [gO]: 



Assuming steady-state conditions, Quation (4-20) cm be r e w ~ ~ e n  as 

In the Iower and mid-stratosphere, kcrca-ENo[I""38] % kac)+o[O]. h d  substituthg the 
steady-state relation (/c,,,,+[0,1 + kM,,.,,[CIOj)/J,4 for [NO,j/fNO], we obtain the 
expression 

In the lower stratosphere, kc,,,,3k,,,,[0,12 is several orders of magnitude larger 
&an k,,~~,,,k3~xjofCX8f [031, Aeereizfkg to &out five times larger in the mid-swats- 
sphere. n u s ,  the ratis in Quation (4-22) i s  approximageicy quadratically depndent 
on [a,], lk~earIy d e p ~ ~ d e n t  on [OH] and /IGH4j, and less sensitive to csha~~ges in 
[CICPj. Mote: that we have neglected chXca~nre-activating heterogeneous reactions, 
which me generally m;ixnportant, 

5 10 15 
Lorn1 Solar Time 

Fipre 4.12 Diurnal cycle of the cmpnenfs  of el, derived &om a model ixpca~oratiazg the 
reaction set of WL 94 191 1. The mode2 ma is at 45"M an Mmkx 28, 1996 md using back- 
grotlad aerosol abundmces, ""Uppr s&a&,spheeeW i s  ishe 3,145 hh level of the model, "mid- 
stratnspfiere"3s the 14.7 l e a  bvek, arnd ""1wer stvatasphere" i s  ifhe 578 Wa level, 



Note that the Xgetime of Eit-;dCZ. is suaciently Hang t h t  we do arst expct wuation 
(4.22) to be sa~sfied at a ~ y  pmiculsur irnstmrt in time but only when the abundanees 
md e&er pwameters are averagd wer the fifetime of WC1, 

the upper stratosphere, dufizlg the day [Clr,] b [a;"10N02], md the raliis 
[Gl,]/tHCl] is the imp8-jtl.t pmiticrr~ing pmanzeter* F6iIowing the logic us& for 
[C10N02]/[HClJ, we rewrite the ratio t"fll,]/fHCt] in terns sf the ratios of con- 
stituents that are dkectly related by 6he~ca;t  reactiom: 

Ushg a photochemical steady-state relation between CI and HCl and Wuaticrxp (4,9), 
the pkaatocbemieall steady-sate relation betwk=(=n 6% and ClO, we get 

Owing to the reiil,6ionably shod fifetime of EdiOC1, over most sf the day MOCI is in the 
ptrdochemicd sslcady state with CZ,. The rekaive abundance of HGBCI and el, can be 
w~t t en  [82f as 

where we utilize the approxirra6ltlon [Glxj = [Cxa]. The ratis is war u ~ t y  in the 
lower s&atosphere, fising to 1W20 at 1 Wa. Both produ~tioma and loss cease ak SU* 

set  Leaving the: concentration of H W I  to hold steady &roughout the night. Despite 
its reljakively shoa Metime woughoub the s&&osphese, WQCl shows little diurnd 
G Y C ; ~ ~ ,  

Fhdly; it should be noted that the "rrkzevior of the aburrdance of a spedes dur- 
k g  the day is cons&ained by its fifethe. If tLpe species has a IZethe longer &an 
a day-HCX, far example-the~ its abuadmce cm efibit only small chrasrges dug- 
ing a day; Species with l i fe thes shoaer thm a day can edGbit siwifieant diumstli 
rr~ations Figure 4.12). The abundance of CXO, for example, rises rdpidBy in the 
xzrsrkg, remahs elevated thoughout the clay* and then decrewes sig~ficantly after 
sumet. It should be nobca;d, however, that sskefi-Gved spcies are mt guaanteed to 
exhib.i_b Iwge dliumd vwij%tiomzs, NOCI, which has a lifetime comparab&le to or 
shoaer &an C&, for exmpie, shows little diurnal change. Xn this @me, the pro- 
duction rate and lass frequency sf ROC1 v a q  diurnally so that. the ratio PIL 

c ~ ~ s t r n t  abmdance 06 WQCI, 



Anotizer aside: how do we know that CFCs &re ~"espomibke*for ~tratospheric chlorine? 

h the Imt aside, we expl&ne$ CFCs are expected to reach the str&asphere despite 
being heavier thm air- In this brief stside, we present evidence that CFCs actually 
make it are ;rc=spsmsible for most of the chlorine found there: 

(1) CFCs have bmn detected in the skrataspj~ere 1931, And since they have no 
ssurms o&er Itkm the surfam, tks proves they must be trdnspoaed. %ere from 
the troposphere. 

(2) HF has k e n  detected in the stJratr?fosphere f84j, The only source of stratospheric 
HF is the breakdown of CFCs, so its presence iltm the seatosphere i s  przsitivc 
proof & k t  CFCs me b ing  destroyed in the str;;ttasphere, and their chlorine and 
fluorine are k ing  ~ 2 e a s d .  

(3) The a h n h c e  of tabl chfo~ne in the stratosphere (-3.6 ppbv in the mid- 3.990s) 
camesponds well to the tropospl-ter";ac abunda~~ce of CFCs and other 'llr>mg-fi\red 
halaaogex~ated argmic msleeufes, 

Combining these Ihes OF remol~rrg, it i s  indispubble that CFCs are the main source 
of s&atosphehc chlorine, 

mere are no c h e ~ c a l  loss Facesses for the Cil, familly in the sgatrrasphere, hsted, the 
concentrahun of Cf, laa an air pace$ increases urltil dl af the CCY, has k n  des&uyed. 

4.3 Odd Nitrogen-NO, 

4.3.6 Source 

Much Xikc. CFCs, ~%i&oexs oxidte (N28) is a slabXe maXecluke with a tropospheric 
source, whiekn, kcause of i ts  sabifity, i s  &anspo~erf hto the s&dtosphere. Once in 
the strataspbere, oleswuction of MZO creates NO:j. 

N,Ct is khw&t to be primmiJy of nawral a~glm, afthcough significant aath6~- 
p~genic SOEISC~S do exist (see WMO j 131, Secrim 2 3 )  1941. In the mid-1990~~ the 
&opospheric eoncentration of N,O w a  310 ppbv (see WMO [X3], Section 2,,8), and 
had been growing at 0,s-I -2 ppbvbear L941, a b u t  0.1We39% per year* 

The major stratospheric loss process for N,Q is photolysis: 

which accnuna for -90% sf the loss (see WMO [13), Section 2-51. Because of its 
seong t ~ p l e  bond, P.l, is essentially ine& in the Iowa and middie atmosphere; as a 



result, N, is nM included in NO,. Therefore, reaction 14-26) does not produet: .NOy. 
Other Ioss processes iulcfx~dt-: [95] 

Reaction (4.27) d m s  not pmduce NO,. Reaction (14.28), wt-t_ile a minor jloss process 
for N2Q, is the major sowce of NB, in the stratosphere. Reaction (4.29) is dso a 
source of NOy, but it is much less impofimt than reaction (4.28)- 

NGx, is dso famed In the stratosphere Prom dissociation oPN, causd by collisions 
with scdar poeons, galactic cosmic rays, and assa4ateal etwtroxns [96], Tm addition, 
Ng)y paduced in the mesosphere and themosphe~e from photslysis of N2 and pre- 
cipitati~~g elwb.ons dissociating N, cm be trmspofid into the stratosphere [97f, 
The= NQ, suurccss, klowever, me minor compared eo fhe oxi&atictn of N,O, 

'ga~ul.;, NO, represews the abundance of N atoms &at are rrot bamd up in: either Pd, 
or N,O. ms is andogous to the definition for Cd, which ccsrzt&xtled all of lfie C1 
atoms that were not in a CFC or other organic molkcu~e. 

'rhere are three o&er points of note. First, the csncentrdtion of N,O, in Eqwdtjicm 
(4.30) is multipjied by 2 to account for the fact f;h~t ewh N,O, molecule contains two 
N atoms. f econd, ClONeb,, wEch is a memkr s f  the Cii, family, is &SO a m e m k r  
of the N8, family This shows that the various ehesnical ftfmilies are coupBed-i.e, 
chmges in the pmitio~~ing of one family can sect the plagitioning of mo&er. "Rid, 
in the strtttosphere, I\;: and P-IO,NO, m&e up a smdl fraclian of NO, species, and 
play a Ei~nited role in stm&spherie chemisw. 

Fipre 4.13 shows typic& lifetimes for the NO, species, Fo%kawing the pattern set 
in our discussion of the CX, Fdrnily* we group the shofi-lived spcies NO, NO2$ and 
NO, together ansit define &e$ sum to be NO,: 

NOa, irackudes the members of the NO, family that pa~ieipate in catalytic cycles &at 
destroy ozone--in other words the "ictive" components of NO,. 



4,3 Odd Nitragen-NO, 
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Mpre 613 Lifetime aEN0) and its c m p n e ~ ~ @ ,  eaIcula& for 45"N v u h o s ~ d  anditions b a d  
on h y t h e - a v w ~ e  ~onsg&erat a b d a ~ c e s  md phatolysi~ rates: TKO - I/fkaO+hOIC~Ol + kNmc1,[03] 
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Figure shows the major interconversion pa~wriys of NOx. NO is convefied 
to NO2 in the reactions 

Note that the second reaction (reaction (4.6)) is Ass arm impo*~t reaceion for pati- 
tiionling 61,, f n  the u p ~ r  sgatosphere, the reaction wilh HO, bc-cams impostaaat: 

NO, i s  convefied hek to NO though the reactions 

NO, i s  farmed f ~ o m  NO, in the rescdon 

NO, is conveged to XO and NO2 though photolyzlis: 

About eight rjmes as m a y  M8, molecules photolyze to fom NO, and 0 as fom NO 
and 0: (sw DeMme et al, h54, p. I58), 

Fimre 4*lc$ Schematilie of tbe pmitionhg between NO, NO,, and NO, (the sum of whicI~ i s  
NOA). Each mow i s  mmk& witliP the reatmts tkat facilihk the eonvwsion, 



4.3 Odd Ni.tr@gem-HOy 83 

As with my chemical i_tam21y, the rea&ions that interconvert NO, NO2, and NO, 
(reactions (4,32)--f4,38) and (4,611 have no effect on the abundmce of NOJ., Ne), 
is only lost wIen NO, NO2, or NO, i s  convefied to HNO,, G10NQ2, B&NOz, or 
N205' 

Pipre: 4. JS shows how the compczsition of NO, changes thc~ughortxt the dayY 
During daytime, NOL, is almost entirely coma>o,=d of NO and. NO,, wi& the: ablm- 
&ace: of NO, practically zero, Because c ~ f  the skx-oa lifetimes sf both NO and 
NO2, these sp~$es  are generally ~suamrd to be in photochemical steady slak 
during daylight. The daytinle ratio of the abundance of NO to NO, can be 
approximated : 

This has bmn well vehfid by atmospheric albsewatio~~ f98--1001, 
At sunset, the reaetio~~s &i?bt conyea NO, to NO cease, alltllowixrg h e  reaction 

ktween NQ and 0, to cornea vidually all NO to NO2. AS a result, at night, the vast 
majarie of NO, is in the form of NO2, 

B u h g  the day9 the abu~~dmce sf NO, is set by a steady-skte balaplce betwwn loss 
of NO, wougb photobysis (reactic2ns (4.39) and (4.313)) md hmation of NO, 
&rou& MG),+8, (reaction (4.36)j. Because of the extremely fast photalysis of NO,, 
&is rums out 10 be small: typic$ n~trat~sphe~c d~ybrt-re abundmees of NO, a e  tens 
lo hundreds of pa@s per quakillionr by vc~lernre in 101"), After sunset, the abun- 
dance of NO, rrses as produerim of NO, from N02+03 (reaction (4,36)) is unop- 
posed by phrttoEysis. Lrt the lower and ~d-s&atosphere, the abundmce ofNQ3 Builds 
up ulklil a steddy-slate balance i s  achieved htween prduction af T'aCb, t houg~  
N02+0, (reaction. (4.36)) and loss sf NO, Itlxraugh reaction w i a  NO, to form M,05 
Qwaction (4.4.8)): 

N d e  that Figure 4-15 shaws NO3 ~ s h g  as a fration of NO, ~ o u g l ~ o u t  the ni@t. 
mis aecurs despik a ctsnshnt abunda~ce of NO, because the abunhce  af N Q  
decreases throughout the night as it is eonvemd to N20,. 

In the upper striakssphere, the rate of reaction between 14.60, and NO2 to 
h r m  K20S (reaction (4.40)) i s  SXQW enough that the system never reaches 
steady state; Instead, NO, builds up tkoughoert ah@ night. Typical night-time 
values of NO, are a few parts per trillion by volume in the lower strato- 
sphere, fisiazg to a few tenths of a part per bilfion by vcj&ume in the upper 
stratssphere, 
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Figure 4,16 shows a schematic of' the interceslnversiorr pahways for the major 
n ~ e m k r s  of NOy. NU, s ~ c i e s  itakrcoaverf: rapidjy compared L%f the time-scale ~ 4 t h  
which NC), is produwd or destroyd, k t  slcrvvly eoaxipzed to the time-scde with 
which the members of NIO, interconveli-&s, 

firnacktiopz af~"crsewe)irsfiom NQ, NO2 is cclnverted to the va~ozus reservoir species 
prima~%y in arm-body reactions, N205 is produced by the reaction 

Becarnse of the extremely low abundances of NO, during the day, this process is 
irnp(aFta11llf only at night. ' R i s  reaction consumes two NO, molecules for each N,O, 
created, HMO, is produced &om NOs by the reaction 

431 OMO, i s  fonnedi fiom NO, in the reaction (4-10): 

Ftjrrnarion r$ NO, frt~m reservoirs The destruction of these NO, resemoirs 
refonas NO,, N,O, i s  destroyed by phot~Bysis and ahemal deeesmpositian to 
refom NOx: 

mermal decsmposjrsista (reaction (4-45)) m&es up -1 % of the loss of N20, in tlae 
lower andl rnit31-~;.~r&taspbere~ md as much as 10% in the upper stmtosphere, owing to 
the Warner temperatures and lower pressure found there, 

-mP--P-------w-----.M-"- 

Figure 4.15 Fraction s f  NO, in ah@ fom sf NO, NO,, and NO, derivd from a model kcor- 
pomting the JPL 94 reaction set [99], Mote that the NO, scale i s  m the ~ g h t ,  ""Umr strata- 
sphere" is from the 3.16 Wa level of the model, "mid s&&osphereW k is4,7 hPa, and ''lawer 
xll-Patasphere"" i s  57.43 ma. The model mat, is at 45'N on March 22,1996 and using bwkgouad 
wrocosoll abun&nees, 



Figurn 4,265 Schematic of the Ne), family. bows k~dicak eonversion pathways ktweez~ 
species. 

Tbege twa processes make comparable conhbutions ts  HMO3 Boss in the lower 
stratosphere, As the altitude inaeas.dt.8, phstdysis becomes ~ogessively more 
impcrsmnt, u n ~ l ,  in the upper stratosphere, it dominates. 

ClONO, and BflNQa, are eonvedd bzlk lo NOx via photalysis and, at hi@ altli- 
hades for GXONO,, oxidation, (See the discussions sf the odd cIit%orine (CI,*) and odd 
b r o ~ g ~ e  fBr,) hPniBBs for rn0.t: abcbtxt these processes.) 

Intercornersion 1trnoy2.g NO, r;trsrrvtadm An impOl"t5651t feature of the NO, Cmily is 
the existence of reaaion pa&ways that dkwtly crPnrtert, the resexnvais species N,O,, 
BrONQ,, and ClONO2 in& m03. The" reaeti~w all take place on sulfate aemssf 
sudwes, As a result, these reactions will be most imp fi in the lower s03"atosphere~ 
with diminishing impomace in the laid-stratosphere and. essenti-dly nio irnpadance 
in the upper s&atospkaere, md the efficwy- of these reacGsns will depnd on the sul- 
Cite aert>ssl SAD av~lable for reaction. The SAD is hi@1y vxiabfe in both time and 
space, a d  th il dso be va~able, 

The most i in the stratosphere in; Be XqdroXysis of 
W205 on aeroso! su&aces to form ma, [101]: 



The stichng eoegcient yfor this ~ x t i o n  is -0.1, wiB a very small depenknce on 
temprature (see DeMore et a[, [54, note 1 cj" af FdbZe 64). 

'Fhe liaydroilysis af CIBN02 and BflNO, are generajly less irx~pofimt, The stick- 
ing coefficient of the hydralysis of C10N0, is a s6p-ong function sf  Iternperabre, a11d 
in generd these reactions are hp0daxz.f only for enhmced Sm, such as that f o u ~ ~ d  
im~ediately afier a volcanic erlizpdon;. or at tempertctures below -2W K, These 
conditions are rmrcely found in the sadtosphere, and therefore these heterogeneous 
seactir3ns can be generatty ignored, mere are, howevers ce~a in  circrxxarasla~~ces where 
these =actions can have an in~pack 17881. The slicking eoef6cient for the b;ydro-lysis 
of BrQT&"S& is quite h g e  (4-8,  independent. of temperature [ t02j)t but due to the 
small abundance of Br in strmsphere this reactiotl has little inzpxt CJR Nq, 
paflitionling, Again, the exceptim is dutairtg times of high SAD, sue11 as that found 
af%er a volcanic emptiosr (this wil l  be discussed fuaher in Chapter 6), 

Pipre 4,117 shows ve&ea$ prolfiles of total NO, md its major s&atospheric cam- 
poncnts, In the lower and mid-sttPatosphere, HNO, makes up most uf NtP,. Lla the 
u,paer str&ospI~ere, 1\66, is the domina~~t component, The plot also shows elhat the 
N205 abunhee LS higher at sbta~ise than at sranset. This is consistent wi& N205 
king famed at night and destroyed during the day 

Emres 4.1 8-4-2 1 show %on& mem cross-seeticans of NO,, NO,, HNO,, md N,05, 
Grass-sectims of the other i~np  NB, spcies, 610N8, eu~d BaRTO,, are & w n  
in Figures 4.9 md 4.35, Much like 61,, the abunhcc  of NO, incrsases with b& 
altitu& and latitude over mast of the stratosphere, consistea7;e \via11 the mem 

16"'" 3 I 0: 
wlunxe mixing ratio 

Fiere 4.87 Measwemen& nf the major strafospherm.e eompnentnes of odd nitrogen versus 
pressure, Daa were measured at sunset, except for N,O,, for which b s ~  sunset (SS) and sun- 
rise (5R) data m sht3wn. Data were measured on Septemhr 25,2993 ovw Fort Surnner, New 
Mexico (35'N), (After Sen 46 ak, tlU31.) 



Figure 4,fill Cantows of NO,, abundance @gbv) for D%cerrm'lzer. Values me from the Cddwd 
~o-dimensional climataX~gical circulatim model ["iT]. Based on a mdel nxn ta s&ady swe 
uskg N,0 emission leveb far IWO. The mdel I&eky overest-imales uppr-s&at@tqhefic 
toy a few parts per billion by volume [18$], 

0 
Latitude 

Fipm 4,l"i)ontorars of NOx huinclmce (pph) fm Dmermbep: %itires are from the C&&rd 
two-dimensional climatolesgical circruIaGon m d e l  1731. Based an a madel ma Its ste;Ixiy sate 
using pS,O ernissir~n levels for 18W. 



Figure 4,2@ Contours of' zonajly averaged daytime KY8, dundance {ppbv) far B c e m k r  
1992, Da& me from the UARS Refererace Almospkere Project We J, RmdeE, persmlil3L corn- 
municaeion, 1998). 

-60 0 30 
Latitude 

Fiwre 4,2E Contours of daytime-average N2OS abuaadance (ppbv). for h2eccrrthre Vdlues me 
from the Goddmd two-dimensicl~~d climatologicai ckculatiora model 1731, Based on a model 
ran to stedy shte using M,O emission levels far 1992). 
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ave~umirxrg ckculliation Qdi~~iclltsseeX -in ChapW 5) combin& with the rapid destmctian 
od" N,O in the ~ d -  and upper: s&atospElere. UnI&e the distribution nE el,, however9 
the abunhce of NO, reaches a rn urn in the u g p r  s~atosphere and dwreaes 
at higher allitudes.  his decrease is due to the reaction 

which i s  a significm hss pathway for NO), in the uppr stratosphere [X4)4I, The GB, 
dist~butiiisn, in cantrat, dms not show a ~imjtar dmrease because tl~ere is no 
cognpmable loss p;a&way far CI,, 

The abundance of NO, ( ~ i ~ u k  4.19) increases with altitude throughout most of 
the s&amsphere due to increases in bo2h the abundalee of NOy md the ratio of 
[Ne),JI[kdO,f wltil attitude, " I e  imrease of the ratio ad: fNO,lhP.lOy] willn altitulk: 
r6:srel.t~ fmm an increme in the fc;bm&ion rdte of NOx from NO, resewok i~pcies 
(typically from photolysis react?jusns) refrztivt: lcli t k  loss rate of NOX to farm NOy 
resewok spcies (typically though three-body reactions), h el-se t ~ p p r  s&atosphere, 
NO, is -posed aln~ust entlrt=ly of NQ,  so the decrease in NOy in tt3e uppr strat- 
osphere is rrtiirrared by a siimiaia &creme in Nox, Hoke that in the polar night region 
the aibundaarce of NO, is 1 0 ~ ~  because, in the absence of phatolysis, the redcdan 
beween NO2 and NO., to fam N,8, depletes NO3. 

The abundmces of kM03 (Fiwre 4.28) and N28, f%;i@re 4.2 l) h e h  i~2crease wi& 
al~tude in the lower s&;satosiphere, reach 8 rnmi~n~hm in the mid-stratosphereI md 
decrease at higher altitudes. 2%~ ptter~ occurs because of the competifiok~i t)"etwwn 
two &ctors. Fimt, the ratios [HNC)J/fNC),I axad [Ni,O,jfiNQI,] botln decrease with ill&i- 

tu& over most of the stt:a&sphere-ftjr the same reamn fhdt the rdtio [Ic:Ox]/[rcloyj 
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5 I a IS 20 
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F l ~ r c :  4,2"8iumd eyck of the major components of NO, derived from a msdell incovo- 
ratixllg; the reilcdrsn set of R L  94 [9 I]. The model mn is at 4SoN an March 21, 6 996 md ushg 
bdckgrourid aerosol abundmces; "upper swatospbere" i s  isron~ the 3, I6 Wa Twel of the mdei,  
"mid stratosphere" i s  14.7 hPa, and ""lwer stratosphere" i s  55.8 hPa, 

increases with altitude, Second, the abun&nce of No, Increases with altitude in the 
stratosphere. In the lower stratosphere, the abundance of NO, increases faster ha11 
the ratios [H-INO,]/fNQy] and fN2O53&[N0,] decrease, As a resuit, the abundances; sf 
m0, and N,O, increase w i h  altitude in the Iowa  stratosphere. In the nnid- m d  
mppr swatosghere, the decrease in the ratios [HN03]/[NOJ and ~,O,fJINOy] dom- 
inates the cfmnges in NO, wjlrJI altitude, leading to a11 ovezaXI decrease in the abtln- 
dances of WHO, and ~,d,. 
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Both HMO, and N,O, also display strong latitudinal gradients, with their abun- 
dances increasiag as one moves &om the su er paXe to the winter pole, As dis- 
cussed prwircrunly, N,O, is famed at night and destrc~yed duhg the day, In the 
summer polar region, which expe~ences 24 h of sunlight every day, the N205 for-- 
mation rak it?; approxinlately zero, ss  the skady-state abundmee of N,Q, is close to 
zero. In the iarrin&r pol= region, which expeiences 24 h of dwkness every d;ay, the 
photalysis of N,O, ceases, and the abuncimcc: of N20, CWI build UP 10 several p a s  
per biliion by volume* In between these two exwemes, the averdge abuodmce of 
N20, is a hnction of the length of night, 

HMO, i s  famed both during the day freactir~ar (4.42)') and at ~ g h k  (rewelo11 
(4.48)). In the winter hemisphere, pbotolysis rates are Eow and the lifetime sf Erne), 
is long, Continued production af HNQ, in this regisart from N2O5 hydrolysis there- 
fore lieds $0 a build-up t.xf HNQ, in the winter henlisphere. 

Z"ypicd d i m &  cycEes of the eoxnpnen%% of NO, are shown in Figure 4,22, Because 
the lifetime af NO, is cornpaable ts or Xanger &m a day thoughout the sIrc;ktosphere 
(see Figure 4-13], instan&neoaru prdzactiora md Ioss of NOr, will, in generd, not. t~jt- 

ace,  hstead, durhg the &yI the= is a net production of NOI, md a net loss of N4I;S 
resemoirs. At x~ight, the reverse occurs: there is a net loss of NO, and a net production 
of% resewoix: Bar"lhe system is in diumaf s tedy sate, so && over 24 h, proCfUctim 
auld hss of clle cunstiluats of NO, d l  approximately baIi'x.nee j f  051. BrOPsiO, is rsal 

shown kcause i t s  abundance is so small (a few pms per & ~ ~ ] L ~ o x I  by volume), 
D u ~ n g  the day? pho%oEysis and oxidation, caf CIONO, prducea; NO,.. At the same 

time, NOX is consumed as the reaction ktwwxz G I 0  and NO, refoms CI0NQ2* The 
net production of MQ, d u ~ n g  the day from the net toss sf CIONO, is 

This net increase in N Q  is awompanied by aa~r qua1 net production of betwmn 
sumise: and smset, At suaset, the abunhce oFClx is nomero, md the sr&ction h t w e n  
el0 md NO2 to refann CIBNB, is a net night-time sink of NO,. The mapitude of this 
R;ight-the s M  of  NO, is appmxImateXy equal to the daytime source of N Q  from 
ClOl";iO, cfeamcdcpn, As a result, the net decrease in ClONO, the day is bal- 
anc& by production at ni@t, SO over 24 h the net cl~mge in ClCoNO, abundanw is 
appaxirnately zero. Figure 4.23 pE01;ci the eon~tpukjlozaErs of ClQN8, chertnist;r$r Is NCb, 
prductiosa dushg the h y  and NO, lsss durhg the night. At all altitudes, the sourw 
and s3ixnk due to ClONG), are a few percent 06 the total sowee arid si& of NOx. 

Dufixlg the day* photolysis and axidntion sf EIIMQ, (re;kc;lj;a_ms (14,46) and (4.43)) 
produce NOx, At the same time, NO, is consumed in the reaction between OM and 
NO, (reacdoua 44-42)], which refoms HNO,. The net prohction of TJQ from HNO, 
d u ~ n g  the day i s  the diReremce &tween these processes: 
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ClONO;? day, =+a GlON02 night 

'1 
Me05 day, ~ ~ r a r ~ ~  ft.3205 night 
HNOs day 

Figure 4.23 Contributions of reactions imolving W,O,, CJIOMO,, and m O ,  to net 
productio1-2 of NO,, The net con~butisns me divided into daytime md night-tim e o n t ~ -  
butions. Over 24 h, net production is approximately zero- Calculded for 45°K cm Mach 21, 
using the background aerosol SAD, 

As shown in Figure 423, these HNOS reactions contribute 4&5C)ci"n fa the total W Q  
prodxxctiora in the lower and mid-strlratosiphere and smaller amo-rsnts in the upper swat- 
osphere, Rad~ction ~3%' NNQ3 &rough reaction (4,42) and loss of I-LYO, ~ o u g h  
photaZysis md oxidation all cease at s~~ndown, so HN49, is neither a source nor a sink 
of NOx at night, 

Dufing the day, photo%ysis and bhemal &composition of &,O, (reactions (4.44) 
and (4,4S)) produces N Q .  Due to the ex&emeXy %ow values of NO3 during the dab 
there is essentially no fornation of N28, &om NO, (reaction (4,4l)), Thus, the net 
production of NQx fr~3rn N,O, dufing tire day is: 

where the factor r~f 2 accounts for the Fdct that two NO, mcbtecules are prduced 
for e ~ h  N,O, destroyed, As shown in Figure 4-23, N,O, eontributes about 50% 
to the to&l NO, productim in the lower md mid-stratosphere and a few percent 
in the uppr  stratosphel-e. 

At night, whm NO, plzotolysiti ceases, tihe coneentratioa of NO, increases, the 



reaction ibetweea NO, md NO, (reaction 64.41)) eonyeas Me), to N,Q at t;kaight, As 
shown in Figure 4-23, his reaction is respnsiwe for the vast xn~j0rii.Q of the loss of 
NOx at night* 

Note that in the tower and mid-gtratosphere, -90% of the- NOx lost: at night gms 
into N20,, while only balf of the NO, produced during the day comes from N,Q, 
wieh most of the rest coming from HN8,. This appment mass imbalmce i s  
accounted 1Fcr by the hydrolysis of  N,8, on the su~faee of s@atospheri~ aerosols 
(reaction (4.4%))- n i s  miacition coavefis enough M205 hb ma3 .CC) ensure that there 
is, in general, no net production or Eoss 06 NOx, HMO3 or N,Q5 over 24 h [I W], 

Because of the relatively smdk amount of bromine h3 the stratoasphe~ eo~nparerli 
reacl-ions generally poduce and consume a aegtigiblle mount  of 

NO,. Bromine reactions can, however, have an important impact during periods of 
bolh extended sunlight and high aerosol loding, such as that found in high-liatimde 
summer after volcanic emptions f B 071, 

4.3.3 Lorn of NO, 

Nq i s  last in reaceiisn (4.49): 

This reaction i s  impo~mt u d y  in the upper stratosphere and mesasphere owing to 
the low abunbee  of N atoms at lower altitudes [EW]. As discussed previously9 this 
loss vocess in the uppr strdtosphere and mesosphere G~&U,WS the abunhce  of NO, 
to peak ia-s the uppr  stratosphere (Figure 4-18), 

Considering the: str&osphere a a whole, the abundance of NO, is detemind by 
a balmce kween stratospi~me prduction from N 2 8  oxri&tiion, chemical loss of 
NOy in the upper stratosphere, and &ansport of NO,-rich air out of the stratosphere 
md hto the troposphere9 with Qmspctrt into the dratosphere k i n g  generally  fao or, 

mis  fafily conbins mly active spcies, i,e. radicals that are involvd in cablytic 
cycles t b t  deswoy 6),, and wa resewoir spwies. This is consistent with the C14 and 
NOI subfamilies, whicb also contain Qdestroying species, 



HO, i s  de~ved  p~nnirrirly from the sxidatioa of H P 0 .  mere are three ways that 
E i 2 0  em be oxidized to produce HO,, al(p most i~aapo~nt. i s  the gas phae oxi&dzion 
of an H20 nnalecuk to fom two Hax molecules: 

Q('U) is a product of O3 phBfiolysis, which implies than the flux of ultrdviuliet d i a -  
tion is an irnpoflant factor in determihg the production rate of HaX, As we sksw 
later7 the abundance sf str&asphefic Ha, is strongly alependent 011 h e  solar zenith 
angle (SZA). 

Hydrolysis of N,O, on sulfate aerosols fallow& by pl~otolysis sf the r-4[$bJ03 
product ;also leads $0 the net production of Ha, U11 the lower stratosphere: 

Mote that formatioaz of N,Q, occurs only zag: night, while plaatcllyrsis of HNO, requires 
sunlight, Therefore, this cycle requikes dtem&iP.ig periods of &y and night- 

Hy&olysis of BrONB, foilawed by phatulysis of FlOBr and KVO, dso Ieds to 
net prohcbon of rC30A: 

Unlke the N,O, cycle, the BflNO, eyeif;: mas d u ~ n g  the day because h e  fornation 
of Bfl12\90,, &dike N,05, occurs duhg the dapime, At night, pbdstofysis stops, and 
so aerefore does this cycle. Hydralysis of ClC4NQ2 e m  aha lead to production of 
HO, ~ o u g h  a, series of reactions adlalagous rtGP the BrONO, cycle. ms ga9rway is, 
however, negligible due to the generdly slow rate of ClONO, hydrolysis, and will 
not be cfiseussed funher" 

NO, can also be fclmed during the gas phwe oxidation of CH4: 



Subsequent oxi&t:ion of the CH3 radical yields anather OH molmule, so reaction 
(4.57) can be considered ta produce two H Q  molecules. Oxihtion of CH, also leads 
to the production 06 caban monoxide (CO) E18.8-2 101, In the lower swatasphere, 
transporl: frc3.m the troposphere is dss impo-nt source of CO. The pfirxaa~ skk  
of 60 in the s&atssipkrere is oxiddlsion by OH [I l lj: 

Oxidatinn of H, by (;a('D) will dso l e d  to the prorfuetion of twn IXO, molecules 
f 1 f 2-1 B 41. FinaUy, at high SZAs, such as at sunset or suwise, phstetlysis of HB,NC), 
is a patentially inngofiant source of HOx [ 1 151. 

In the mid- md upper stmtospbere, the gas pkase oxidadon of H,O (reation 
(4,541) is the dc~minmt sowce of W6,. Oxidation of CH4 and N, combine to con- 
tribute -10--15% to ICIO, production, with the exact mount vduing with latitude and 
ailtitude. h e  to the low aerosol %AD in this region, Ha, production throu* the 
N2CS, md LEbflNQ2 cycles is negXigibIe in this region, 

Blrr-l the lower stratosphere, the kdcrion of HOx production attibutable to each of 
these NO, proc9mc~an mecha~sms is a function of9 among other tKngs, altitude, 
SZA, len@h of day, and the aerosol SAD, As in the upper stratosphere, gas plaase 
oxidation of water vapor (rewtion (4.54)) i s  the d o m i ~ ~ a ~ ~ e  source of HOA, The N20, 
q c k  (cycle" (4,551) is responsible for sound 10% sf  HOx produetion in the lower 
stratosphere for background amcsunts crf aer~sol: Sm, The podaction of Ha, fmm 
this cycle initidly increa5es as the aerosd Sm increases. Abve  en aerosol SAD of 
-5 pm crn"&bout five times the background SAD), however, the hydrolysis of N20, 
""sturates" " [Ef 61, meania~g t h d  incrcsaes in the aerosol SAD beyond this pobt have 
littie egech un the rate af N20, hydrolysis md therefme little eBer=t on the rate af 
HC), product_ion, 

The BflNO, cycle (cycle (4.56)) is resa>onsible for a p e r ~ n l  or less sf HOx pro- 
dructisn in the lower s&atosphere for backgound amounts of the aerosoX SAD, 
Unlike the N,Q, cycle (reaction. (4.55)), klowev~=~; this cycle dws not "saturdte" 
[Ill%,]; iinskad, the rate of Hax prdnaction from this cycle increases linealy with 
Irrzcreasing Sm, even at ex&emeZy high aerosol SADs. As a cansequexzce, this cycle 

t far l ~ g e  sudace aea aban&nces, such as tbose found after 
large vo%canic eruptians, h d  as discuss& previously, tile BfiTaiO, cycle;: mns whex~ 
exposed to smlight, m d  is therefore mare impsda42I $;or regions of the 8I"Yno~phere 
&at are exposed to Io13g pe~ods  of daylid~t, such as the hi&-8atitud summer 
s&atosphere CIB'7I. N,Q, aszd BrGONO, hy&alysis reactior~s arc discussed in $eta2 in 
Chapter 6" 

Oxidation of e'H4 and H2 combine to coaathbute a b u t  20% to Haz production in 
the lower s&p.atcrsphere, wi& the exact amount dependent on Batjade and aX2;;tttrde.. 

Finally, HOx is also prodticed thoughout the stratosphere froan the destmcT3ion of 
relatively short-lived species swk at; HGoCl, HOB& attd iT-l,Q2. Usually, dametion 



of the= species i s  not counted as net HiO, ~oduction because &eir fornation con- 
sumes Hax. 10 other wc~rd~ ,  it: is only those reactions or cycles tl~at break an G H  
bmd in watex; a C-H bor~d in me&ane, or a H--H bond in H, elhat are eonsidlered net 
HO, prodlactian. Xt should be noted that this definldoa 06 Hax prduetian, while 
widely made in the field, is stamewl~at a r b i ~ a ~ ,  Depending an the situation, other 
defi~~itions of HOA production might be appropfiate. 

En Quatioxa (4,53), we defined HaA to be the sum sf HaZ, ON, m d  H, Xn the strata- 
sphere9 however, H atonas are a negligible component of HQ, owing to the rapid con- 
version of M &oms to HikQ, in the Il.lree-body reaction 

me lifetime of a W ahdam with respect In this reaction is ahout lv s ixl the lower 
s&atosphere, rr;sixrg to about 0, X s in the upper s&atospikese. This shoa fifetirrre for H 
atoms &anslaks inkcP ?;mu ahurrdances: the ratio [HF[HO,J ranges from 10 ' in rhe 
lower stratosphere ta 0,aI in the upper stratasphere, 

As a result of this, m e  can ignore k-P in the sbatosphere, and &J149t, can be apprax- 
imaged by the sum cpf" MQ2 and OH, IE"u&hen; one can assume that the production of 
a M atom in a reaction is equivalent ta h e  production of an NO2 moleculle, 

Figure 4.24 shows the eonversion pad~ways between OH m d  HO,. OH is con- 
veaed to He), p ~ m ~ I y  through the seactiof~s 

Rea~don (4,60) dominates the conversion from OH to HO, in the lower and mid- 
stratosphere, In the upper stratosphere, where 8 atoms are abundant, reaction (4,611 
dominates, Reaction (4.62) i s  generdly minor, except n e a  the tropqause, where i t  
can make a siigkficant c ~ ~ ~ t r i b u t j ~ a ,  

i%02 i s  converfed ta OH pdm&ly through the reactions 
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Figure 4,% Schematic of the paitionkg k t w w n  OH md HQ, [the sum of which is  HQz). 
FACII anow i s  marked wj& the reacanb &at facilibte the ~anvemian indicated by the mow. 

In the lower swatslsphere, =actions (4,631 md (4.64) contdtsute approximately 
equally to the conversiun af H69), $0 OH, with vimal ly no cont~budora from reak.cds~ 
(4,65), Ila the mid-smtaspbere, seacbon (4,M) dominates, wiakr smaller conltributisns 
from tbe other rehzefions, In the uppr  stratosphere, feztion (4.65) domi~)rateees. The 
Sifetimes 06 NO2 and OH wi& respcl Q bhese seac~ons are shown in Figure 4.25. 

lifetime (hours) 



Assuming phor;schemical steady state, the ratio [BrM][[HO,] can be approximakd 
by the expressian 

This si~mple quation. for 140, n&itianiang agrees weif with measurements in the 
Eower s&atclsgE-rere i"74,1 171. Figure 4-26 shows a m d e l  estimate of the [CaH]4H02$ 
ratio, 

OH and H02 dsa react to fom the ~hoa-lived spcies HOC1, HOBr, m d  H,Q,. 
HOCB and HOBr me famed iaz the gm phase reactions 

and are des&ayed by photolysis and oxihtio-n to form 013 (reactions (4.17), (4,85), 
and (4.86)). Due etl their reasonabXy shaa lifetimes (see Figures 4.3 md 4,29), H061 
and HOBr are in the ph&ache1Pljicail steady state d u ~ n g  the &y (e,g, see &uditican 
f4,25) md the acconnplmyiing discussion), As a result, aver rnoa of the day the loss 
of' HaA &om %"omadon of HOCE md HOBr is Isdanced by production of H8, from 
destmctism~ of HOCB and NOBr. mese species do not, therefore, usaaalXy represent 
net sources ~41" s h k ~  sf WOx, 

0 36 
Latitude 

Figure 4.26 Annually averaged day6xne-average [0Hj/[H6,j rdtio. Values me frm the 
Gadd;ard hive-dk~ensionajl climatalagic J ekculatian mabe1 1731, 
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The fornation of  HOCl md HOBr eorxsumes HCP,, wEle deslrudion af HOG1 and 
HOBr produces OH, n u s ,  while there is no net change in Ha, when these s p ~ i e s  
are in photochemical steady state, dlerc is a net change in the paidonjag of Wax, 
In oaer wards, measuresepnenB of 0&2 and HO, reveal skightfy more OH relative 
to Ha, than is predicted by the simple pa~itioning m d e l  in Quation (4.66). A 
nnt~re exact calculation of the [C%Hj/[HO,] ratio must iniclude terns ts account for 
this [I 1 71. 

H,O, i s  famed wmarily in the reaction 

Pbotolysis (to produce two QH radieds) is the clisminant loss mmhanisna throu@a;lsxl 
the st;llatosphere, H,0, is also desarc3yed by reaction with OH: 

The lifetime of  H2Q2 is about a few &agrs in the Xcawer stratosphere, dmreaslmg to a 
few hours in the mppr s&atosphere, As with HOCl and HOBr, production af H,O, 
consumes HO, while desw~tisn. of Hz&), pro9jiul;cs OH. However; H8, cycles sJawBy 
enough through H20, that its prod-uction[des1rn~k~on has Zitde eEec8, on the pa&i- 
doning af HOA. 

M d e l  estimates of the OH md Ha, ablznbce are pEo%d in Figwe 4-27" Globat 
measurements of NO, spcies in the middlle md upper stratosphere have not yet been 
madle, but proGles can be fiund in the literature [92,1. I %-I 231, In the tower strer;do- 
sphere, the= is a large dakabase of WB, measurements, Measuremen&$ of Iower- 
s$ratosphel.iig: OH abbined at a r a n g  06 ajtitudes, latitudes, and N Q ,  03, md H2C) 
abundmces me show11 in Fiwre 4-28 plotted against the SZA. S u ~ ~ s i n g l y ,  &e: 
n?easuremenr;s show a s@ang comelaticon with the SZA, implying &at vva~ations of 
the other ge~physicd pmameters have lialle aRwt on the OH abunbnce [74]. h gen- 
eral, eunerrt pbotoehemical models of HClx reproduce the s&atosphedc H6, meas- 
useme~~ts remonabty welB 1N4, 12>12S], 

4.4,S Locars of NO, 

To be C O ~ S I S ~ ~ ~  with ok~r d e f i ~ t i ~ n  of BOX prductjon, we define HQ! loss EO be 
those HQ, rewtions dlat refom an H,O molecule, The pfin~av loss reaction for ElO, 
is the reaction &tween OH and Ha,, which destroys m a  HO, molecules: 

The rate that this cycle desb-oys HO, is 2ko,,,,,,,[0H]~H0,] in the mid- and upper 
stratosphere, vi~ual ly  all of the H$), loss is &om this reaction, 



Figure 4,27 (a) Bsmd1y averaged daytime-averdge HQ, ahndancc (pptv). (b) OH 
abundance (pptv). Vdues are from the Coddwd two-dinzensiond climaI01srgicak circulation 
modeX 1731. 

]In rBze lower stratosphere, HaA is also destroyed caitalyticalXy by NO,%: 

HMO, (reaction (4,421) 

NO, + %,lea (reaction (4.46)) --- 

As w i a  dB catiZ-Xytie cycles, the catalyst (in this case NOx) i s  nut wnsumed in the 
reaction. g ~ e  rate-limithg step of th is  catalytic cycle is n=action 14-61, the reaction 
between HMO, and OH. Each tdp though this eycXe des~uys  two HO, maX~uies, 



Fkgxerc? 4.28 Low= s&atospheie QH rrumber d e m i ~  measurd by the Hm'rrisd HO, insbu1- 
merit [ f 261 durhg the 1 994 ASHOE-MAESA (black) md 11 997 POLARIS (gay) ~ssio.sns 
(T. F. Ha~sco,  prsawd ccammunieation, 1W8). Tlne solid line i s  3 x X04(95 - ISZAt). 
Negative SZAs canespond to before local now, 

so the rate that this cycle destroys HO, is 2k,,,,,,,,[HNO,]~OH$ The reaction 
between OH a d  mfDS can also be an impoamt H@b, loss p&&way. Fhdly, the reac- 
ti011 of OH with HCX (reaction 44.3 6))  is a non-negligible HO, lass pathway. h the 
 BOW^ s&atalasphere the impe~mce of &ese various HO, loss terns me va~aible, No 
single term d o ~ n a t e s  a all. the%, mcl alf have thek moment in the: Sun (so to 
spe&). 

Finally* it should be noted that at sunset the fornation of HCqy ceases. Net loss af 
HO, as well as the fornation, sf shaa-livd HO, resemoks swh as HOCI, IfOBs, and 
H20, continue, Eaowwm* The result i s  that Ha, is rapidly removd a k r  sunset, md 
the abun&nce af HO, can be considered zero d u h g  the ~ g h t .  

Bry, sbres many s i m i i l ~ l i @ s  wiil5m the udd-chlorine PdlrxziIy. Like 
chisfine, bromine atoms enter the stratosphere a29 compranents sf long-livd organic 
msIwules. The rbee m& bramhe-containing source gases TOT the stratosphere me 
CH,Br (mea~yl b ro~de) ,  CBCrT", (kdon 4121 I), and CBrF3 malorn 1301). The 
&oposphe~c abunda~ces of these: spcies in the mid-1 980s wa I t k X S  pptv for 



C133Br (see WMQ /13J, Table 6.3) [l2'7]? 3-5 pptv for CBrClilF2 [128], and 2.3 x)E"S" 
far CBrF3 [1284.. lncfudhg s8.naIl ccsnc~butions from ofiSjie: spcies, total orgmic 
D r o ~ n e  entehg the stratosphere at &at time was --35--20 pp& aj129,I 381. All of the 
kEiitLons and about half af the CH,Br are anthropgenic in origin. "mus, about two- 
thirds of bomirne in &e s&arospher o~gjixaated from human. activities. 

@ce ixl. the s&ataspkrere, these organic brofine melesules are des&oyed by oxida- 
don and ~hole~~lysis, As bromine ato~as ae released from the molecules, resacb012s 
esnvea them h t ~  one of several korgakc mo~ecules, the sum of which we define to 
be Bry: 

Severd nnhc~r species, such as BrONO and Bq,, have been negfecM in Quatioa 
(4.72). me abunda~ce of inmgmic bronnhe Br,, as a knctian of or-her long-birved 
species, is provided by Wmzsley el lab. 21 303, 

Figurn 4.29 plots dlaydme-averaged lifethes of tkle various members of Br, as a. 
function of altitude, &ing .to the larger size sf bramine atoms compmed to :r,cNori~~e 
atoms, maiecuks eon@hing bromine fend to have we&m Xn&am~lecu[Iar bonds, and 
a e  therefore shmes lived than the chlorine-baring version of h e  same molecule, 
For example9 the lifetir~~e of mr in the lower stratosphere is about a dq, while the 
lifelime of HCI in the same region i s  about a month. Irt fact, h e  lifetbes of the Br, 
species are sa shor& (a day or less) that the pmitic~nhg of Br, is stlmost entkeliy deter- 
mined by photochemistry, with little contribution from transport. 

211 malogy lcs the Ct,, we define &, to ~a~l ta i r r  the shoa-livd cmpcsnenb uf Br,: 

Like C3,, BrA &mefore ccrnaikas the species k s i i v d  in the cablytic loss cyeXes that 
destroy (-9, (e,g, the "ip~~ve~hernbers). 

Figure 4-30 shows the intercanversion pafiways of the c~mponents of Br,, BrO is 
converted to Br in the react-ims 

In the uppr  stratosphere, the reaction with 0 atoms bcomes impomat: 



Lifetime (s) 

Fiere 4*29 LZefime of the cornpgjnenls of iF1ry.,, @alcuk&d for 45"H quboc3ial conditions 
based on dayhe-average wnstituent abuadmces and prhtsltysis raks: z,, - f /(JBdl+ kBf l  ,,[0] 
+ k,N,rnOI)+ 2,s - Il(k,,,,[O,lf, .r B,,, - 1/J ,,,av 9 z,,, - li@,, ,[OH1 + k ,,,, [01)* ~k,,, - 1/J,,,,,+k,,,,[Ol), [~r,li~k*,,,N,,~m1031~a21 + k,,+,,4[BrOl fHO21 + 
k,,HO,is~il@~,l)" 

NO, 9) 

Figmre 4,% Schematic of the pafiiti~nkg bewmn BrC) and Br (the surn of which is Br,). 
=raw is mmked wi& the reactar~ds that f ;~~di&& the 6onversi011 hdieated by Xbe mow. 



To complete the cycfe, EZr is conveaed back to BsQ in the reaction 

Using reactions (4,74b(sl,a7) and assuming photochemical s tedy state, the ratio 
[Brjl/[BsQl can be written as 

Figure 4.31 pfi~es the refated quantity [Ba]J[Br,l, the fraction of Br, that Is in the 
fom af BrO ([BflJ/[Br,j = I/(! -+ [Br]/[BrO]i)). Bra m&es up the vast majority of 
Br, in the lower s&atosphere, and about 50% in the lapper stratosphere, This can be 
conwasted t.o the CX, PdrrtriBy, i r ~  which CitO makes up the vast majofity of Cl, through- 
out the stratosphere, 

Figure 432 Fraction of Br, in the form of Bra* Calculated for 4S0N equi-noe&at canditions 
based on dapig~~e-average caxaslieuent abundmces and plaotoLysis sates, 



Figure 4.32 shows a scbemiatic of the pmitionhg between Br, and the Br, 
resemsir species. 

Porwtioyl o f r ~ ~ ~ e n ~ o i ~ s f i r n  Br, Brt~mi~e nitrate, BflN02,  is f8md from Brx in 
the &ee-kdy reaebon (4.43): 

In the 
~&at~sphere, reaction (4.79) dominates, mere i s  also s~sne n of an 

HBr product channel for the reacdon betwwn B a  md Haz [ 11 3 1 ,I 325: 

The p d m q  source of BKf is reactim (3.22a) k twmn BP.4) and CIO: 

BrON02 taro. 

Fipre 432 Schematie of the Bla; family* k o w s  &ow canversim pa&ways between 
s p i e s ,  



Note that BrG% produetian is just one prdurct ehameX of the reaction ktween Cia 
and BIO, the sther prohcts are ClQO 9 Bx: and OClO -t- Br (reaaedo~s (3,22b) and 
(3,22c)), 

t i ~ n  of Br, from r e .~ew~im RrgbNOz is conveHd back to Br, though the 
phahal ysis reacdon 

About 29% aof the BaNO,  molecules phototyze to produce Or md NO3, with the 
remaining 71% producing BrO md NO2 (see DeMo~e el ale 151, p. 19%- LOSS of 
BflNO, via oxld&i~dn i s  not impofiant, 

HBr is conve~ed back to Br, in the resaclion 

jtln the upper stratosphere, the reaction &tween HBr and 0 aitoms kcomens 
impofianl: 

The primary pathway for conversion of HGlrBr back ta Brx i s  phcstolysis belaw 
-25 km, 

and oxidation by 63 atoms at higher r;lltitu&t.s, 

BsCl i s  rapidly phatslyzed and des~oyed by oxidation (G,, < I 
1 1 3 ~ .  In general, under normal s u ~ t  canditioxps the abundmce of BrCI is negfigibre, 
At niglrh in the upper slratwphere, BrCI can bemnre m impom~t Br, reservoir. 

!nt~rcaaversI'o~z among BI-, reservoirs. The heterogeneous Iny&alysis of BflN8,  
an aerosoS sdaces, 

r reaction for bromine paaitioning in the lower stratosphere [I 331, me 
sticking ccwffieiez~t y far this redction i s  -0.8, independent sf ternperawrrr; [11021, 
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These is an mdogc~aas hydrolysis reaction involving CIONB, on suitfate arossl sur- 
hces. The sticking coefficient y for this 610N02 reactim, however9 shows a strong 
temprature dependence, and the rextion .turns out to be limpsaml: snl y at extreme] y 
Isw tempratures (< 280 K) rtr at high SADs such as those found afier volca~c emp- 
Pions, "These hydrotysis reactions will be discxassd nlare thoroughly in Chapters 6 
and 7, 

mere x e  relatively few meaurements sf bromine species in the s&atc~sphere. 
Those memuremexrts tb;at; exist, hawever, generala;. show remonable ageement with 
hlltadels [132,134]. Rgures 4,334.36 show cross-sectims of Br, an$ its imparmt 
compc~nents, BrA, BflNO,, and HOBK 

Br; (figure 4.33) increases rapiidly with altitude in the Xww and rnict-slnrat~~~phere~ 
with no increase a h v e  .-30 km, miu QGCUTS b a u s e  organic bromine mdecules are 
reasonably weak, and so are destroyed in the Bower and mid-seatasphere-by the 
time an air garceX re;racft.es the mid-stratosphere dB of the organic baontline motwuies 
have bee11 destroyd, T h i s  can be compared to 61y (see Figure 4-71, which increases 
with altituclle thougkout the s&atosphere owiw ta the stronger bonds md therefore 
slower desfmcGon rates of organic dzfoGne mal~ules.  

Figure 4.34 shows a model simulali,om of Ba; mixing ratio. As one can see, the 
abundance of Br, increases rapidly with altitude due to an iaaerease in both Ba,, and 
in the ratio [BrJ/[X-lrr,l with altitude. Fipre 4.35 shows a cross-~~tio;lil of the abun- 
dance of B I ~ N O ~ ,  The distribution of BrONQ is simila to that of GjtONQ: in the 
lower swamsphere the rapid increase in Blr, wil-kr ialtitude causes the ;xksuada~ee sf 

F i w ~  463 Contours of Br, abund;fscrr;e (pptv) fcx Decexnbr, Values are f rc jrn  the Goaard 
two-dbnensior1a1 cZixnatolo@ca~ circulation model [73]. Basd  on a model run ICI steady slate 
using CFC m d  halon emission levels for 196. 



Figure rl,M Contours sf Brx itbundmce (pptv) far Decexnber. Data &am the Goddard two- 
dimension& clhatological: eircukdtion model 1731, Based an s model rn to steady s&& 
usi~~g CFC and halon emission levels far 1990, 

Flprc 4.35 Conmurs of BBNO, abundance (pptv) for Dcce~~ber. Values we froxsa the 
Goddard two-dimexlsiond clim~koXdigircaB circuliafisn nxsdel [73], Bas& on s model ma to 
steady s&te using W C  and halon c=nnissi<~n levels fas 1990. 

XSrONO, to illmeme with altitude. In the uupper bif  af tbe s&atosphere the: loss of 
BrONB, increases much faster production, and Br, i s  na longer increasing with 
dtitude, so the abundance of BrONO, decreases wi& aItil;ude, Figure 4.36 sittc~ws a 
crass-seetion of the abun&mce of %[-IC)Ba: As with 3EgrONOz, the rapid increase in Blr, 
with altimdle causes the abundmce of HOBr to increase with altitude. 1x1 the mid- and 



Figare 4,56 Contours sf HOBP abundmce (pptv) far Deecnnkr- Values are from the 
Gd&rd tw*clhensional ~IhatoIogi~aIi ~jiZculation m d e l  f73], Based sn a m d e t  run to the 
s&&y sate using CFC md &&an emission levels fc~r I9W, 

u p r  s&atosphere, the abaandmse of HOBr decrews as p&tioning of the Br, 
family shzts towad B.t-,. 
In the lower-s&&tosphefic p a h  ~ g h t  region @igh naahern lati.tilrdes h Figs 

4.3M.35), the pa&itioamirpg of Br, is kn a unique sbk, Batawe photolysis rates are 
appoximatelgy zero, the rewgiion htween B f l  and NO, rapidjy depletes &, by 
mmeaiatg it to ZZaNO2 (reaction (4.43)). The BflNO, is subsquenay canve~ed to 
WOBr in a hme-scale of a few hours :,$rough hydroIysis on aerosd sadaces (reaction 
(4.83))- When exposed to tempratares &low about 210 K (r: 
stratospheric wirekfiixrae polar re@ons), the =action 

coave& of the N8Br into BC1 in a few days ar less, The net result is that the 
vast ~najorie of Bl;i in the lower stratasphere pala ni&t region is in the fern s f  
BrGI. 

Figure 4.37 shows Qpical diurnal ~yeles for the mtmbr s  of Br, at mid-lzceimdes. 
Bir, d ~ l i n e s  afier sunaieh, and i s  zem for most of the night &roughout the strata- 
sphere, At sunfise, destmctim of BrQP$%C), though phoLczXysis Ieds to a rapid 
dec1ine in BBNO2 and a eoncomitmr increase in Br2. Much like HOCI, HOBr 
shows little diurnal vmiation despite its relatively shoa phobchemical alifedme, BCE 
is impmnt  in the uppr  s&atosplrere, where signi6cant: abundances aE CXCb and B f l  
smmive well dter sunset, leadkg et, a buildup of BSl.  
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Flgum 437 Diurnal cycle sf the p r i m q  compnerrts of Bxr, derived from a rnodeI incavo- 
rating the ~eactrion set of PI4  94 1911. The matlcl mn i s  at 45"H on Mar~b  21, 1896 and using 
backsound aemsoli abundmccs; ""upper stratasplxere" i s  isroan .the 3.3 6 hPa level of the me&l, 
""mid stratosphere" is 114.7 Wa, md "lower srlsatospl~ere"" is 57*0 hPa. The B C l  tr~ce is may 
shorn on the t lp r - . s&~sphere  panel, 
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la the lower sBato~here, the hy&of ysix of B*i";i(Z), (reaction (4.87)) causes tbe 
abundmce a6 BrONO, to decrease and NOBr to inmeme througEL(~ut the night ( b t -  
turn pawl of Figure 4.37). As a resiil2, NOBr is an imporlmr Br, night-time .rreser- 
volir, espcially at high aerosol loading, stk63h ik5 atfElk" a volcanic erugtic~n, At sun~se, 
the rapid phutolysis of HOBr Zeads to a busst of He), f74,1.15f. 

A eornpruisarr between the diumd cycks in Figure 3.37 mdb the el, cycles plot- 
ted in Figure 4-12 shows impomnt differences &tween these two famiities, Most 
hpmantly, the fracdon of the Bq, family in the form of the 0,-destmying BrC) rad- 
ical (wl~ich is the rate-limiting reactant <sf the bromine ~atalpic cycles) i s  - 6 5 0 %  
throtxghaut the s@atosphere, In can&ast, ody a few pmmnt of 61, is in the fom of 
CIQ in the lower s&atosphere, rising ta -11620% in the upper stratosphere. Xa addi- 
tim, the: rate constant for the rewtion bemeen BsQ and WO,, which r8Ie Iirrtib the 
mast ixmpomnt OX-destroying bromine ~atdytic ep..cle, is five to six times greater 
under stratosphe~c crnditioa5 than the rate constant for the reaction &tween CIO 
m d  HO,, the rate-limiting skp af the cmparable chlsrix~e cablytic cycle, As a 
result, on a per male basis, bromine atoms released into the stratosphere are 
times more eEeetiibte at destroying Ox Illraa ~Eh%orhe atoms [13,135, L 361. This sug- 
gests $-hat despik the small a b ~ t n h c e  s f  Bq 4-15-20 gptv), it can sdIt be an impor- 
tant catalyst .for Ox loss. 

mere are no lms processes Far the Bry family. Instead, the concentmtiun of Bq, in an 
air gmceI increases until all sf the bromine-EPea~~xg orgdnie rno~wules have been 
cEestroyed. 

As their name implies, GFcs generally contain fucp~ne atoms in addition to the 
chlo~ne &tams dismssed earlier, Thus, the transpmt of CFGs into the strdtosghere 
followed by the2 bre&down sewes as a source of F atoms for the stratospherrrz [ 1 371, 
The abundance of Qop~~spheric fluorine bound in swbIe organic molecules-all& 
themfore h>und for the stratosphere-wm 1.82 ppbv in Septemkr 1993 11381, 

By malogy to 421, and Bry, we can define the d d  fluor.ine Pamily, Fy, to be the sum 
of the abundmces of kgF and other X9 spccies such as FONO,, HOF, Fa, and X9. 
Fu&er, we expwt ale FO radical to rate limit cctdytic cyclres that desboy Ox. 

F abms rejeased in the sfsatasphere can react with HZCa or @H4 to formi HE Owing 
to the srnall size of the F atozB, the HI; mofiecuXe is extremelly s~%ble (compared ta 



He1 and mr), In fact, &e HF molecule is m t  photolgrzed or oxidized in the 
strataspbere, and can therefore BP4: considered chemically inea, As a result of h i s ,  
v*uaJly all F, is in the farm of HF9 a d  very 1IttEe is h the form of W. T;his e m  be 
con~asted to the cMorine meit bromine fmi l ies,  in which a few percent and a few 
ktrs of prcent of ely md Br,, respectively* are in the form of active Ox-des~yixrg 
radicals., Because s f  this, flusdne is not expected to carntdbtkte to Boss in the 
s&&tosphere. 

Fipufc 4.38 shows vert:icd profiles of NF9 the major Fy reservclir nroiecufe in the 
str&tt>sphere, Also shown are profiles of COX"", m d  COFCX, twcr species tkjat are 
formed frcm mpaiafBy decomposed CFCs creatd cilm~ng the c3xidatiun of the CFGs, 
Abut of str&Losphedc %luo~ine not attached Lo m isltact CFC is in the ft3m 

of MF, with the remainder in COP, md COFCil, 
While Buoirjine: ckmistry i s  unimportant in the s&atosphere, &e ixac~ness of HF 

m&es it iirsefui as a tracer of atmospheric mot is^^ 11391. 
As with the other halogen fmilies, GI, and Bs,, there are nu Eoss processes for 

inc3rgmic fluo~ne, Instead, the crancentration of HF in an air parcel increases until 
all sf the fiusf-im-ba~ng organic mnnaleeulles have b ~ n :  destroyed. 

0.6 0.2 0,4 0-6 6,8 1,8 1-2 
"datum@ Mixing Ratio (ppb) 

X"i'igu9.e 4.38 Measured mid-latitude pofiles af HF md 60F2. CCTFCI i s  derived from a 
model. (After Sen ee al. [I 387, Figure '9-1 



The chemnist~ of iodhe aod its implications for s&atospheric g), loss are less we11 
knam tbm &ose of  the other halogens bisclxssed in this chapten: (cMaine, bromine, 
and @uohne)* Bwatiise the lifethe of idocarbons, the i d J n e  srzllree g a ,  i s  a few days 
in the tro to &opospbe~c lifetimes of yews for CFCs-it has 
generally se molecu~es do nat suwive Iong r;aaclaa& to be &ms- 
pflecl into the st;ratosphere. It has been speculated, however, that iadine soexleGe 
maiecules, su@.ln as methyl io&de (CH J), mi&t be &anspafled hto h e  s&atasphere 
in co~~vective events. Should this iodine be releaqerf in the stmtosphere, cmlytic cycles 
involving iodine could cakjyze ax loss h the strat~sphere. (See Solomon el ale [ 1401 
for a review af the: &opus&mm"c sources and str-ratcrspiberic chemisti'y of ia&n:.) 

e of iodine can be swn in Figure 4.39, which shows what ~ a c t i a x ~  

the size af the halogen atom increases, the associated resemoir molecules (EX, 
XOP;/02, BOX) became more weaMy bound. Agelendant with the we&eni~~g of the 
resemoErr species, a greater fraction sf  the 

Pigart;? 4-99 Ratio of tlctive membrs of the c h e ~ c a t  %&ly to rhe total abundance: of the 
y. VaZues are: fro~n a two-dimensi~~~aS. modeE; soj,liid lines represent the psi- 

t i o ~ n g  at 50"P9, md the dotted h e  represents the ga~t ionhg at. 8OM, (Afer Solomon ec ul. 
[Irn]* Figure 1-1 
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XO a d  X-making h e  ci~emieaX. family more eEective at des&aying Ox, %e c m  
see that vimally all of the inorganic iodine in the s&atosplizere is in the fona of the 
B and Xlb) rcadieals, At the oher extreme is Braio~ne, wfich, owkg to the stnbiIity of 
the HF mo%ecui.e, has an ([FOj + [Ff)/llftotal F3 ratio of approxlmakly zero tXsrt3ua- 
out the stratosphere-and i s  therefore u~mpoaane for loss, 

Ground-based measurements of XO nbsa~tion imply total stratospheric idine 
aburrdaa~ces af 0.2 (+ 0.31-0.2) pptv, This result, coarzbkd with recent laborato~ 
measurements of the rate of the reactions of 10 with ather halogen species, sl;b.ggesrs 
t h t  iodine cbemism i s  not respansiMe for h e  observed redarelions in tower stratos- 
pheric: 0, dtkring the If mt several decdes [ 24 1 j. 

As evidence mounts that human ac?titviity is changing the atmasphere, it is kcorraharg 
imamewis~gjty clear t h t  rn 
1s this re good idea? 

h a v h g  aside &e legal md ethical questions, imagine that we Live an ;m Eafih- 
like (class M) planet that i s  a bit tcm coal, and we wmt tcz w 
releasing CFCs. mese molecules are mntoxic, have Iwge infraed ercjss-swtionra, 
and absoh in regions of the spectrum (the "winhw" ~1-egn, 8-32 pm) that the 
atmosphere is Emgely trmsparent to. As a result, even in pats  per eillSisn 'by volume 
ab~lldl~mces, these species are p~f"n t  geeAousc gases t E 421, and their release vvo~~lcl 
be expeacl to warn the piaa~et, 

Up to. the mid-1986~~ it was generdly agreed that this was the end of the stove 
Since then, hawever> we have Ilemned much a b u t  the &mospEEerie eEec& of GFCs, 
As we have shown, the release of CFCs leads to an irnereizse in s@atospheric chlorine 
and a reduetian of 0, in the lower shatosphere, 8, hawever is itself a gowerfu2 
greenhouse It turns out hat  the rehctioar in Iowe.t-.stratcrspihe~e: 0, c m  oEset 
mucI~ if not all of the mGcQatedl warning due to GFCs F f 43,141.. n u s ,  it is not 
clear how much, if my9 surfxe: warming would nctlaa9ty result from the release of 
CFCs. 

The lesson here is &at m y  aaeafpt: at environmental engineegng must be: under- 
t&em with care, Our knowledge of the sbtimosphere is ofiera incomplete and u~ahown 
fac-kasrs might not only cmse the desired outcome to not occur: it m i a t  cause the 
opposite oQaLitc"ome lo occur! 

2. What is the lifetime of Cl, with respect ks ca~~vessio~~. into HCil and CldPEkfQ,? Over 
&ese Eifetin~es, haw many Ox nlio1ecuXes does a CL, mnoiecule des&oy? Express your 
mswer in terns sf sate csnstmts m d  concentratia~~s, 
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2. Imagine that .lo,,,,, suddenly increases. Describe qualitatively what would 
happen to the abundance of HCl in the 1ower and upper sQatosphere? 

3. Ha61 is generdly a rnlnar component of the 614 axllily, Consider the f01towing 
reacgrans imvolving H6)Cl: 

(a) Assume the photochemical stear;ty swte. Whre an expression for [CI,3]I[He)cilllf. 
Make any asstlmptims that you make explicitly clear- 

(b) Ble Ioss lifetime s f  HOCl 41/L$ is a b u t  an hour. Is thb system in the stficr 
pi~otwhe&eaE steady state whae  production equds loss at ail times? Exflicill8y 
state what time cons&~lts you are eampa~ng and tbek approximate magnikudes, 

4. Assume that the NO, Emily is in photochemical steady state. Write an expression 
for [NOJ/[mrf),f (in terns of rdte constan&, photoiysis frequencies, and the 
abundance of other species) assuming gas-phase-only reactions. How $CN=S the 
iby&alysis of N,05 ztB=ct the part-itioning? 

5, Ozme lass from BsONO, phokoIysis, Consider the fallowing bromine reactions: 

Given these redctions, show that if BrOSP;tO2 pbtolyzes to fom Br and NO3 thean this 
wiXZ Iead to a eatdpie odd-oxygen loss cycle, but if the photohysis praducts are EgrO 
and NO,, then no net loss sercurs, Feel free to in~ilrmde other reactions discussed in 
this chapter. 



Chapter 5 

h general, the abundmce crf a constituent at a fixed point in space is determined by 
a combination af chemical production, chemical loss, and transporl: of the con- 
sdtuent, To highlight the effects af transpart sf 0, on the f), dist~burc3isn, we estixnate 
the 0, abundmce in the str,ratosphere in the absence sf &anspo&, IJn this case, the con- 
ti~~uity quation S"or 0, is: 

where Pox is the pduction rate (molecules em-' s I )  and Lox is the loss frequency 
(1 s-l) of 0,. Using daytime-averaged Po-r and Lox from a model and assuming that 
the tin~e rate of change of 0, Qa[OA]/ar) is equal to zero, we cm salve for 
[Ox), = P,JLOx and thereby obtain an estimate of the "steady-state" abundance of 0, 
in the absence of trazpspofi of a,, Figure SS, 1 pitots annually averaged fOJ,,, which we 
will call the ""no d:rmspo&" cease. kt slraufd be noted that otxlfy transport of 8, has k e n  
neglected; the eEfe& of trd~~spod of otber species, sucfl as NO,, 66, and other long- 
lived species, are included in POA and Lq. In addition, P, and Lor are both functions 
of the distribution of 0,; Figure 5.1 is calculated using % and Lay that incorporate 
rea%istic backpound abt~ndmces of CIA. 

Figure 5,2 shows the annually and zonally averaged ""trmsgoaed"WQi, dis@ibu- 
tian-by ""fsarmspofied" we mem that 0, is subject to the fu1I continuity equation, 
heludifag transport, This d i s t ~ b u ~ a n  is quite similar to the satellike-derived distsa'bu- 
don shown in Figure 1.2a in Chapter 1. 

Figure 5.3, a plot of the difference htween Figures 5,1 and 52, shows the inAu- 
enee sf the transpa$% of 8,. Above &out 30 km here is vlidaxal8lly no dieereace: between 
the 0, fields, At these altitudes the rate of transpa& of OA is negligible compwed to 
the chemical production and lass rates, and the systenn i s  in either diurnal or 
phoeochaernical s&ady skdte, Be skswlcit be mated rh& transpofi i s  still impofiant imsofw 
as it affwts the 83burrdmces uf &"I,, NC),, eke, that tegutm the loss rate: of O,, 

Below -34) km (-.I0 lapa), howe-ver, the diEerence between the "trmspsrted"knd 
"no &ansport" Ox fields is significant, demonstrating the role that trans go^ plays in 
detemirr-ixag the 0, dis&ibution. There are positive values in %be tropical Iower and 
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Figure 5-1 Estimate of 8, distribution (ppnnv) Ea the absence 06 tra~spoxt. of 03---the ""ma 
t~msp~&" c w ,  The cantours were calculatd from artnwlly averaged Pot md Lor obt~xled 
fron~ the Codclard two-dirnwsiond climatological cicutation m ~ ~ d e l  [El]. 

Fipm 5.2 Model cdcrralaticmn sf the ;annually averaged 0, fic=ld--"tmnspt~e;d"' Oz--from a 
edculatiun kclrlxdhg the eMres3.r~ af the transpw of 0,. Galculizd~d from the Goddmd two- 
dimensional clim~atalogicd ckculation model L7.3 J, 
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Figure 5.3 Difference (ppmv) beWwn Figures 5.1 ma! 5.2, 

mid-~tratclsphere~ meming &at the transpo& of 0, lowers the 0, abur~dance in this 
regim of the atmosphere, i .e, &ere is a net trmspofi 06 CI, out s f  this region. mere 
are negative values at mid- and high Xatitudes, meaning eh&. the transgad af 8, acts 
to increase the CIA abundancf;: in this region of the atmospfmel;.e, i,e, there is a net tmns- 
pod of" 0, into this region, In crher ws&, 0, production exceeds Zsss in the tropics, 
and 0, loss exceeds produedon in the mid- a1d high latitudes, Transpad evens ouf 
tftis imbalance by transpofiing 0, out of the region of excess production inlo the 
region of excess Boss, 

mans, transpoa plays an irnpoaant role in regulating lower- and mid-stratsspheric: 
0,. We present in this ehqter ia sha& discussion of the salient featt~res s f  the stratas- 
p h e ~ c  circulation9 with an emphasis on the &anspaa of O; ixr the stratosphere, The 
interested reader can find in-depth treatmmts of the circulation of the stratasphere 
elsewhere [56,145,146]. 

5.2 -anspast Into asrd Oat of the Stratosphere 

The stmtosphere is not ;x cla%d system but exchanges mass with its neigfibc~rs, the 
tlropospfrrere (blow) and mesosphere (above). We will discuss these interactions in 
this section, 

Since the late 1 940s, when it was recognized d ~ a t  tr~psspt~eae-t~)-~tr;atasp1.~erc 
tsalnspm vva% impomnt for regulating the abt~nbmce elf water vapor in the strata- 
sphere /84"if]l, stratosphere-&aposphere exchange fSTE) has k r r ,  a subject of great 
inkrest in stratosphefie scienm, Recent research into the loss pocesses .of 0, has 



emphipisized the need for klglder~hnbing STE because the v a t  majority of the 
precursors of the Ox-des&oying radicals esrxch &li chlwof4xxoroearbow.s CCFCs) md 
N,O) o~girrate in the troposphere and a e  trmspofl& into the stratosphere, STE is 
also important because it leads to the injection of 0,- and NO,-rich stratospheric air 
h to  the &oposphere, agecting the cIZe&s&y of &P1$ regime Our present under- 
s~mding of STE is reviewed in derail by Hclltorn et al, [I 481, 

F~iilowirag the nc3menclamre sf Hoskins [X493, we divide the amc~sphere into 
thee regons: the 'bsvemarld," "m"midIewollid,"~txnd "undeworld" "&;rgure 5.4). The 
ovemc).rIlS is deGned to be the region abve  the -388 K pofentirsX temperature surface 
(about I6 km sa%titude), m d  coxa&ins sudaces of C O I I S ~ ~ E  pokntial temperabre 
(isera&apes) &at are within the svato~lnere at all latitudes. The middleworld is 
defined to be the region beween the -388) md -310 K potential temperamre 
surfaces, and contains isentraps thail a e  in the tropospkme nt low latitudes m d  in 
eilac swatasphere at high XatiWde3.s. The smtospheric part of the miritdleworld i s  o&en 
caljed the '"owerrnast str"dtosphereW. The glnderwodd is defined to be the ~ g i o n  
hiow the -3 SO R potential temprattkrrre sudxe, and it csnains isen&ops that are 
within the troposphere at ;xZf latitudes. 

Mms @tax. into the s&atosphere mews on same cambirratim of the t h r ~  paths 
shown in Figwe 5,4. Path A is  the mem meridiconal ckculation, often refemed to as 
the Brewer-Dobsorr ekculla~ersa [l47,1SOI. It corasisb of air rrsing through the 
tropapause into the stratosphere at Isw latitudes md descending bck ingo the 

. ~ - . .  . , . . .  

Tropics 
Rgarc; S*4 Latitude-height schematic cross-section of the atmosphere, The X~eavy line is the 
tropsgauxc. ~ve~wor1d-miclld~e~orid and middla3world-undemos~d Bounda~es are shown 
&t-&d fines, The middleworld strdtc~spherc i s  here&er refemed to as the "bowernost strata- 
sphere-" See text for details about paths &, B, and 6. (After Rsslcr e6 af. [ 164-1, Figure 1 .) 
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&opsrspheire: at mid- and high latitudes, Associated with these ve&icaXi motions is a 
polewad mass Aux. 

Brewer [I471 md 13cPbson [I 54)] en\?isio-cond the flux into the stratosphere 81~~649 
path A as slow9 large-scale upwelling though the eopicd ~sagtofzause. It was later 
argued that the tropical tropopause was generally too warm to explain the 
extremely dry strailasphere %I51 J ,  Based on this, the region where air slowly 
l~s~ends into the s v e w d d  was further mmowed to those regions m d  times in 
wkeh the tropical trapopaanse i s  much colder than average: in tbe westem tropi- 
cal Pacific, northern Australilia, and Indonesia during the November to March 
period and over the Bay of Bengd and India dufing the ~ o R s ~ M ) ~ ,  This tempo- 
rtlXlly md spatialliy limited region has hcome kn63wat as the ""slratospbefic faun- 
t a ~ ? .  Recent Ineasurements of water vapr  [ 1521 and GO2 [ 1531 show that air 
enters the stratosphere tkotlghout the entke year; this has persuaded artmy that 
the temporal rest.ctioixls of the ""srato-ospbe~c fouxatain9"hmq are likely wrong. 
h andysis using improved dish sets re-exami~d the spadal. restriction and found 
t b t  it too did no1 stmd UP u p n  further ixpvestigatie3m f $541. At the presnt time, 
it is uncles if there are any prefened Imations for transfersiing mais from the 
troposphere to the overwnrlde 

Ge~~eraX objections to the slow-ascent &earles of tr~ipaspherc=-t~-ovew8rItd trans- 
port have also k e n  rkscd, It was awed that %age-scale uplift would cause ~ c k  
cirrus decks to fom in the upwelling regions, which is not the case [155]. However, 
the recent olr*wmations aF widespread subvisible cims clt3uds new tropopause 
[15&158_j have lessened this criticism. Another problem is that xka thesrry can 
defizzidvely explain how air slawly a%cexlding into the oveworXd can be dehydrated 
to the arerqi low humidity obsemd in the stratosphere [ DiS9,I Wj, 
h alternative "i slow %cent is &at energetic c~)n~eetian, ~ ~ g i n a t i n g  at the 

surf'ace, overshoots the tropspause m d  mixes with s&atospheric a& thereby 
mnsfe~ing mass from the ksoposphere into the averworld (see Dmielson [ % 6 l J , mdj 
Elre SrEP eal%ect%or? of paprs 11621 and the references tlzereh). flsmfiarg the injection 
process, the air mass is dehykaterfi to sfratosphe~e abundmces, M i l e  theories of the 
dekyelration prwess exist [263f, there is currerztXy xsot encbugh. dab ta validate these 
theories with any ceminlty, 

It should be noted tlzat both slow-asmnt ;and direct canvectke injectisma are dmost 
certainly both occu~ng .  The real que&eion is the reliative izrzp)Ba~ce of these two 
prwesses. At the present time the answer t s  this question is unknown, 

 pa^ B is isentropic Wmspoa k t w w n  the troposphere and the ifowemost: s&ats- 
sphere. Ore;tix;tmiky, air pdrce2s are p ~ v e n t d  from crossing the tropapuse on z a p  
isentrope by the 1age gradient in potential vvor$ieify [PV) at the trowpause 12481. 
Syrrroptic-sale waves, however, can trmspofl makeslial ~ o r n  the &op%caI Woposphere 
to the mid-latitude s&atasphere and vice versa by m e a s  0% wave breaking. Path C i s  
mid- and high-latitude etdnvective liranspoa of air from the trop~spXpg;re to the I~wer -  
most slatssphme. 



Much of our randerstmding of the relative contsibartiaas af the diEerent paths is 
provided by memurenrem of wa&r VIIE)(P~, AS an air parcet cools belc~w the frost 
point Ithe Lernprature d which the relative hu&dil;y with respect to ice is IfBlf%), 
condensation of water vapor and subsquent ~edirneaatatir~n of paicles dehydrates 
the air rBass, If the temperamre of &e air pace1 subsequently rises, the water vapor 
vdume mixkg ratio ( V W )  remains rmchanged, and continues to rrefiect the previ- 
ously emcountered minimum temperahre, 

mis last h t ,  combined with the fact that the minimum saturation VMR is masf 
often encountered at the tropt>pacase, makes the wager vapor abundarace a usehl 
indicator of where air crosses the trc3popause, Figure 525 shows the distdbution of 
tempratlture, pressuIe, md saturntian, water vapor abundarzce along the tropopause, 
Air foXlawing pth A, which gcters t1xaugh the &opical .krrPgopause, typically encoun- 
ters temperatures sf J95 K or below* md therefore canies only a few p x t ~  per 
~ l l - i o n  &Sr volume af water h t o  the stratosphere. Paths B and C", hawever, wkch 
transit the exlsaQopical tropopause, encounter far vv~mf=lr temprature f.-2f& 
225 K) thaz~ the Qopicafi tropopause, a~~cd can e a q  &ns of pas per malion by 
volume of water vapor kt0 the smtosphere. 

F i ~ r e  5.5 Temperatiare, presswe, and samrakiun water vapor abundance of the tropopause. 
Da& are zcmaX. and mt~nlihiy a\#eraged for Sanuay 1994, 
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Figure 5.6 shows several mid-l&itu.de profiles of water vapor e sve~ng  %be region 
between the uppr troposphere and sverw~rld, The abundidnee of water '81-21~0~ in the 
oveworId i s  a few p a $  per mi2fiio.n by volume, Only at the tropical tropopause are 
the &mperatures low enough. to dehydrate air to such a low abunda~~ce (Figure 5.5). 
Additiowdl suppofi for the &opical tropopause as h e  entw point of air into tbe over- 
world comes from ol-rsel-vations of a ~onespondell~ce between the sec;k"ronal cycle of 
the abun&a;race of water entering the stratosphere land the seasonal cycle sf eopicai 
tmpapause layer temperature [1521, well as measurPements of other &dcea.s /16SJ. 
As a result, it is generally believed that all of lthe air in the overwsr~d &ansited the 
tropical Lfopsgause, 

Measuremerrts suggest that, on m armtlral average, air enters the overworfd with 
-3.125 ppmv of H 2 8  [166], 1,7 ppmv of CH4 [1167lj, and 0.5 ppmv af H, 
/ 1 X 4,168,169], Orsee in the stratosphere, the CH, and H, are slowly s x i & ~ d  fs farm 

Temperature QK) 

Wal~sr Vapor (ppmv) 

Fearre 5,6 Mid-lditrade profikcs of water vapor [solid line) m d  temperatwe (light dmhed 
lixle) vs, patentid temperature (R), The heavy da9hed line indicates the jcw;.&ian of the 
trowpause; the heavy solid line indicates the 380 K surface, the borsazcTmy krween over- 
world and lowe~masl: stratosphere. (After Desiales ef ol. tl64%, Figure 2,) 



addlitiond water v q s r  [ 2 10,112-1 2 41, Complete oxidation aS CH4 andl H, would 
fom~ an rxc&ditionzai 2 x 1.7 + 0,s = 3.9 ppmv of ~ ~ ~ d t e r  vapm 1x1 ageement with this 
shplle cms&aht, stratospbet-;zc H,O abuikndances greater than 8 gpmv are never 
absemed, with typkal olbrse~ed scbundances &tween 4.5 md '7 ppmv [1701[. 

Figure 5,7 shows typical C G T T P S S - S ~ C ~ Q ~ S  OE H2Q and CH4, AS one can see, the 
dwrease in @H4 (due to axihtian) i s  rani~oreck by an increae; irr I1[,0. H, is dsa 

Rgure 55. htitudeheigtat cross-sections of E1,O and CH, for December 192. Data were 
measwed by ;insmrnents onboad the UARS; in the UARS Mefmence Atmosphere Project 
W. d. Randel, prsonaI communication, 2998). (Sec IWmdel el cad. [I741 for deltaif s of the plots,) 



H,O, but it is aka produced in the stmtasgIrere as a by-prduct  sf 
CH4 oxidation. mese aviro processes are approximately equal, so the abunhce  of 
H2 remains eonstant at 4 . 5  ppmv throughout rbe lower and mid-stratosphere, 
dwreasing to lower values in the upper stramsphere [ 17 11, (For more discussion on 
the I~y&ogeaa btldget, see Dessler et a!. [ k72J and Hurst et ale k f  731.) 

Between the mid-latitude &opopr-liuse md the ovemarid lies rthe Iowemost s&at- 
asfiere, Figure 5.6 shows in this region the abundama of watm v q m  is 
vaa îable but e m  reach several tens oQa&s per rniillim by vdaxme, We know that 
some sf the air in this I " E = ~ ~ O M  has desended from the ovewc~r~d via path i?i as 
part of the Brewer-Dabson circufsltion. mis air9 however; carnies 4-23 ppmw of 
water vapor, md so cannot be the only ssource af air far the lawemost s&ato- 
sphere C2641. It is conclut&d, herefore, that some of the air must have followed 
a path th& crossed the extratropical tmpapau~~the reby  allo3wing the air to ~aw 
more water vapor into the s&atosphere, It is generally ageed that isentropic trans- 
goa of air h to  the seslbsphere (pa& B) is responsible for much of this transport 
[17S,f '161, 

Witrile mid- and high-latitude csnvwtive transpoa ingo the stratssphese (path G) 
has been shown to C ~ C I - G ~ B ~  f8771, it is presently u~&maown how import:armt this path is 
far the glob& budget af STE, It should be noted that this pathway likely only Wans- 
porn air into the lowest few kilometers of the towemost stratosphere [tPi"7,1"1], 
Mid- and high-latitude convecdon i s  simply not energetic enozxgh to reach overnorid 
potential temperatures, 

a ? j " l ~ ,  the stratcaspherc call be thotaghi of as b i n g  made up of two sepa- 
rate but related regims. The overworld is the region of the stratosphere above 388 K 
potentiai temperature. Air enters this region exelusively through the tropicd 
tropapause, md the water vapor a b u n h c e  in the cold ten~per- 
abres encau~tercb there. The Iowemost stratas - and high-latitrxk 
s&atospher-e between 380 K and the tropopaarse mix of overworid 
air that has descended kom above and air that has gone though the ex&atropical 
trapspause, Air crossing the extra&opical tropopause experiemes higher tempera- 
mres than air irrc2ssing the tropical tr~bpopau~~allowisrg higher water vapm in &e 

sst stratosphere (tens of paes per miIXion by vc>lunle) 13han in the oveworld 
stratosphere (a few p a 3  per miiflion by volume), 

Ma& of the ozone in the stratosphere resides in the orperw~dd~ As a I"(=su~~, the 
fwus af this bcmk is almost exclusively on the ovemar2rf, md we use the terns 
""sratasphere'bnd "weworld"" i-nterchaa~geabIy. This Ioose notation is not problem- 
atic, Bpowevel; kcakxse mast of the csnmpts presented also apply to the Xowemosi 
stratc3sphcre. 

Finally, &e stratosphere also exchanges mass with the mesa>.spkere, By airnost my 
measure &is exchange of n~ass Is less impaeant Chm exchmge with the troposphere, 
but there are aspects of i t  w o d y  of note. Probabty the most imporemf is the trans- 
pea of Ne)y form& in the mesosphere md &hernosphere in& the sil;ratssphere, "1["his 
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can be ;z potentially irnpomnt s o m e  OF NO, fur the uppa stratosphem, espeially 
followking severe solar proton events [97]. 

The exisl;er~ce of winds can be a t ~ b u t d  to differentid beathg of the atmusphere- 
the f a t  that the tropics receive more solar energy per uxuFt area, on ixtr 

age, thapp the poles (sw &anrrn [1793, R w e  2-72, mis diEerentiaX heating causes 
a pressure gradient laetwwn the pole md equator, which d ~ v e s  a skang zowal Bow 
with vpica8 ve9seities in the seatosphere of 1&2W rn s-f. Dissipation of p l m e t q  
waves in the sbat~sglhere and above leads tco mer;idiona8 and ve&ical flow;  is cmse- 
md-eEect relationship has &came known as the "wave-d~ven pump" "481. "The 
xlxxeridiana1 ,low Qpieally has zondEy averaged vefocities of tens of centimekrs per 
swond, md is therefore weaker than the zonal BOW. The vefiiel~b BOW typically has 
zond average vetocities of the order sf millimekrs per second, sm~aller &an boa the 
zonal or meridionarl velocides, 

While flow in the atmasphere is obvisusliy thrw-dimensional, s&ong zonal Buw 
mems that the s&lratosphere tends to be weli mixed in the zonal direction, n u s ,  air 
at diBerent Xsngituldes but the same Iatihnde mb altitude tends to be s i ~ l a r -  For this 
reasm, we have often relied in this book on plob in which the data from the same 
latitude and ;zX&i;tzadbc: but different longitudes have been avmaged together to fom~ a 
"zonal average'"plt, 'Using this smxe logic, two-dimexasi~narl (2%)) mocfels of the 
stratosphere have been developed tibat take advantage of this fact and represent the 
ili$~mosphere in only two dilnemiaz~s: iatitude m d  height (see WMQ E155, Chapter 12). 
h shcruld be re~aesnkrd, krowwer, fiat impofiant IangimbinaS asymmetries do 

exist in the Ox fieEd, AS Figure 1.3 shows, column 0, vafies with the synoptic 
weather pat&m (i.e. the pattern of high and Tow pressure), "T"ktis; weurs because high- 
presslare syster~~s push up the &opopatXse, mis causes convergence of  tropospheric 
air into the b ~ o m  of the column and e diivergense of swdtosp11el-i~ air oat of the 
upper p m s  of the column, Since trop~spl~eric air IYZS a much Xswer OX content &an 
stratcasphe~e air* this causes the total column abundance: to decrease, hw-pressure 
systems have the opposite egect. 

Dersfpite these Zmgitudinat nsymmetries, m a ~ y  sf the impomnt P ~ e t s  of the t.sdns- 
pure af Ox can be understood by examining the 21) circulatisn of the atmosphere, In 
the next sectio~~ we e-xamine this ci~~"~~kation, men, we will discuss know it aEects elire 
distributic3n of &ace ga$es, especially CIA, in the s t r~tosphe~.  

The 240 circulation of the stratosphere in the me~diornal plane cm be divided into 
two y&s: axfie Brewer-D&sm ci~ulrztion, a mem ovefimirng circulation, and 
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quasi-bs~zontd mesidiand eddy trmspoa. The Brewer-Dobsan circulation wstrs 
inbadluced eu;tsliier in Ithis chapter if;c our discussion on SrE. Xt csmp~ses upwellEng 
in the trcbpics md downwelling in the extratrapics, and is shown schenndticall2y as 
path A in Figure 5.4, Figure 5.8 shows; stmamlines of  the ~irc~IaLkioa dlu~rrg nodhem 
t~en~ispbere winter, wkBe Figures 5.9 and 5.10 show estimates of the horizontal md 
v e ~ i ~ a l i  components of the Brewer-Dobson circuXation, IBpweXliing in the &opics is 
primsily esqensated for by dc3wnwelling in the winter Z~enuaisphere BfE8,18 1 J; the 
meridiona? ekculatio~~ in the s er fizefisphere is ~nuclir weaker. Mask n~ass enter- 
ing the semtosphew rises into the lower stratosphere, is Wmspofied polewud, m d  
desceaab out of the s&~ratospkaere, w i h  only a small: fraction of the mass  sing to kgh  
altiades, Fhafly, the Brewer-Dobson eirculatian in the noahern he~sphere  dmhg 
its whter is stranger Ihm the ckcaalration in the southem hemispihere duGtlg its win- 
ter, This &ses from diEerences in the layout of continents and mdswneain rmges in 
the two hemispheres [I46,5( 481. 

The second pm of the 2D cireuZat;ion i s  the qwasi-hc3fizonld Lkranspoa ahsing from 
longitudinally asymmet~e processes such as iplianebw-sesle wave break@. 
Because there is na longitude eaosdina~e in the 2D aondliy avcf-raged frmework, 
these processes must be parameterized in terns of other vaiables, and how tlaSts pas- 
metehation is implement4 remaim il. eentrlaf problem in the implementation of a 
2D fiamewark. This elass of processes i s  genmally refened to as ""eddy Wct~~spafi". 

Eddy Wansport i s  relrafirvely Cast, kranspodixlg and mhing materid on lao&onf;ait 

-90 0 30 go 
Latitude 

Figure 5.8 Strean1 hx~crio~~ (it~"b"rray unitits, but pro~~fliowd to mass flux) in J a n u ~ ,  from 
the Goddwd two-dimensional clipxratoIugicd ck~rala~urs mdel1731, The velotaciv fiefdr used 
t s  d e ~ v e  figure, as well a'i Figtilres 5-9 and 5.10, are a "'transfomecI EuZerim mean" ccir- 
culakion, in which the cmceling eEects of eddy b.nnsport have been removed &om the nnea~z 
meridissad circdation (see O 11 51, Chapter 12 and Andrew% el al. f 14-21, Chapter 3). 



sdaces on tke-scales of weeks, There me latitude ranges, however, where C=CFg;rY 
tra9aspoIrt; is  sjow, mesc regions are refe~ed to as "&;~nspofi bmiers" "cause hori- 
zontal mixing through these segicaras is slow ES91. TKs e m  be seen in Figarc: 5.1 1, 
which shows seong gradients in N,Q Iwated at 20'N and S and at 65"N, Such s&a~~g 
gradiene in a ~oastituent. with a lifetime of week c3a longer e m  be naaintahed only 
if meridionall mixing i s  slow; stherwise, rnirxing would wipe out the gadient, 

Figure S5,8 Veaied velocity (em s-') d u ~ n g  S ~ ~ P ~ U W *  Positbe vducs conespand to a h  rising, 
md negdtive values eonespnd $43 air s&jlP2g, (SM the caption of Figme 5.8 for more Mar- 
mation about this plot.) 

Fimre 5,18 Ha&onlal velmiq Eg".cm S-I) du&g 9m P~s;;itive vdues cmespond to noah- 
wmd Bowf m8 mg&ive vdues conespan& to soutl~wmd flaw. ((See the captian sf Figure 5 3  
for more Momation about plot.) 
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Figure S5,11 N,O abundmee dlin Febmq 28, 1982, at 8800 K poe~t ia l  temperature versus 
equivalent tatihde. N,a was meitsurd by the CLAES on &e IJARS. 'The equivalent latiade 
was detemind using UKMO meteorologic;r2 fields &om ~b day, 

The bmiers at 20°C";i and S isolate the tropics f l52,I 82-2 843, Thus, air mcends in 
the tropics as pafi of the Brewer-Dabson circulation in relative isolation from the 
mid-lati~des-this has kcome known as the "tropicaj pipe'"11851. The b b e r  at 
6S0N exists only in &;he noahem brmisphere winte.ea: A simiix b h e r  exis& in the 
southerfi hemisphere during Its winker* mese pdar b a ~ e r s  slow mixing between 
the mid-Iatibrdes m ~ d  the polar regions f 186,X 871 m d  play a ~ x r  img-zcsa role in the 
formation and maheenrance of the ozane hole (discussed in Chpter 7)- 

As a resu%t af these Wallspcarz bamiers, air in the eopics, mid-latitudes, m d  polar 
region can have very different cbemi~al composidons [ l85,2 883. These &ansport 
ba~ims,  therebm, have a profound impact: on the dis&ibutisn of gases in the 
stratosphere and their subsequent cklemist~. 

Pk~allgr, just as there i~ a seaso~ar-rl cycle in the Brewer-Dabson circuXatian, there 
is aka a seasonal cycle iin the eddy transport, h fact, it is now understood that the 
Brewer-Dobssn eircaalatiaxa and the eddy processes are physically related, m d  that 
it would be impossible to have crne without the other. A thorou& discussion of this 
is outside the scope of  this book, but this point is discussed in &tail ellsewhere 
f146,148%, 

It is easy to see how the 2D cicculatictn creates the obsemed dlis&kltnaGon esf long- 
lived @ace gmes in the strdtosphere Pigure 5.1 2). The Brewer-Dabson: circulation 
lifts tl~e Xines of constant mixing ratio (isopleths) of CH, in the tropics and pushes 
the iscppleths down at mid- and high Zatimdes (indicated by the solid =rows 1x1 Figure 
5.12). n u s ,  as one moves from the ~op ies  to the poles at a constat altimde, the 



Flg~lm $,I2 Cross-swtion of CH4 from Ewe 5.7. Sagid mows in&~ate the eEects of the 
Brewer-Dobsoion cjrculatisn: lifting the impte&s up in the tropics mdl pushkg Ithe isaplethr; 
down in the ex~atropies, Dmhed mows inclicae the im@eCh-lijlanenirag eEect of quasi-hag- 
zontal eddy krranspod, 

abundmce of @H4 decreases, Mdy prwesses, sa the other hand (dashed mows in 
Figure 5.121, &anspofl consti.i.tr;xents quasi-ho~zontdIy and &tempt to remove any 
ho~zontL21 gradieoB. En other words, eddy processes tend to Baaen the isoiE)%eths9 
opposi~~g the iisogleth-steepning eEec& af the Brewer-Dobson circulation, The 
actua! slop of the isapletb 0ab.swe.d in, the atmosphere is  a result 0% the camptition 
between these two processes, 

As we have &eady aid, air enters the stratosphe~ p~mariEy tkxrou* the tropical 
tropopause, By a csmbination of the Brewer-Dobs circulation and quasi- 
hcsrizon&;aX eckrXy Lamspark., the air then moves poleward and evenmdly exits the 
s&atosphere by descending back across the &op~pause at mid- and high latitudes, 
As the air travels ~ S Q I Z ~ ~  the stratosphere:, the abundmces of @a,, Brv, md NOy build 
up as the sclurce nsac~tecules for these s p i e s  (CFCs, hdons, and N28) me plhstolyzd. 
The abu;rrthc;;e sf Cly, Bry, m d  NO, in an air parcel is therefore detemined by the 
total expasuse sf the air parcel to radiation m d  oxidizi~~g spcies [ k46f. 

The: mean age of air in the stmtosphere is slaown in Figure 5 1  3, where age is 
defined as the numkr  of yeMs skee the air crossed the trqlrpopause, In gene-ral, the 
air in the sbatasphere is a few years old, wi& the average age increaing with b t j a  

altitude m d  Idtirude in a way that is c~nsistenf wi& the general 2D circulation. "Age 
of air" i s  lisctuaIly a fairly complex subject; it is discrussed more tharougXxIy elsewhere 
[82,1891. 
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Fig~re 5.13 Average age of  air (yews) from ;I m d e l ,  (Adaptd from waugh et al. [2853J,) 

In this secdcrn we ~ ~ S G U S S  the egects of the general circt~Xation of &e seatosphere on 
0, md  long-lived constituents. 

8& ovgen we e m  cke~ve time consan& wit11 respek to transpafl far ax using s 
"replacement time" formalism: T =fi,r/(transport rate in VMR per second), where f, 
i s  the VMR of 8,. We fuaher sulbdhide the total tra~~spo& 1ifetig11e izato fifetimes wiktl 
respect to veaical md hsrizonkal trans-pod /11901: 

where v md w me the ho&zsn~dl and verkical wind velmities, mdy transpofi i s  often 
parmeterizd as a diffusion lproeess (see WMO [1511 Chapter 12, for more 
discussim o f  this). In Equations (5.2) anst (5.3), K,, md K, represea the diEusion 
csef%cien~s for knodzonrrd m d  vertisd diffusion, respectively, Note th&, in the 
s&ato?;phere, ICY,, is generally negligible. Botb Equations (5.2) a d  (53) are made up 
of two terns: che first one (e.g. v afox/ay) i s  the rate of transport due to advection by 
the Brewer-Dobson circulation, the second one (e.g. a(K,, afO/dy)/ay) is the rate of 



Iraxaspg due .lo d d y  transport, It i s  h p a  
scales diefined in Equadons (5.2) and @,3) contain the spatial derivarives of the Lsidcer 
aibundaxce. As a result, the ~ztrrsport the-scde Is a function crf the spatid dist?t?ibu- 
tiara of skre traces, and two tracers tE3;i$t have diferenr spatial pdients wiU therefore 
have diBerent transparl: time-scales, 

Figure 5.14 shows profiles of z,, and z,,, for 0, at the equator, 30'1V. and 60"N 
(at the quator, T,, 1OOO days). Also shown are estimates of the lifetime of 0, 
with respect to production (T,, = [O,]lP,) and loss (T,,,, = l/LoA). Solid lines repre- 
sent processes that increase Ox while dashed lines represent processes that decrease 
Ox. Production always increases Ox, so it is a solid line in all three panels. Loss 
always decreases a,, so it is a dashed line in all three panels. Transport can either 
increase or decrease Ox, depending an the wind field mQ the spaid gadien& of O,, 
and herefore appars in Figure 5,l4 as bofh sdir l  and dmhed lines. 

Liktime (days;) 



5-2 The Gekaerd rtllimuiaeiarr 133 
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FIwre 5*14 Life6me sf ZD, with respmt to produetian, Icrss, and veirdcicd and hmizontal trms- 
port, at the ecg-uator* 30°N, md Solid lines represe~lt processes &at increase 1;1,; dashed 
lines represmf prmesses that dwsemf: CO,, (Afkr KO et e a E ,  11902, Piglnl~e 4.) 

At all latitudes, above 30 km the lifedhne of C9, with respect to pprductian; m d  loss 
is very mulch sho~er  tt-im the &ansgsa Xife6mg-1;~. As a result, the distribution of OA i s  
con&olled entirely by cfkemica2 production m d  ioss. In the lower and mid- 
stratosphere, the distribution of Ox is eon&~lIed by n combination of producl;torli, 
loss, m d  &anspo~-tbe exwt coznibhation is a function. sf &ti&& and kaitude, 7 % ~  
is consistent wida the picture presented in. Rgure 5.3, where it was shown &at 
transpoa of 8, had little impact on the 0, dist~bu~oaz abave -30 knt but plays an 
irnpowdnt rode below -30 kxn. 

It must be remembered &at the net of prduction, losrs, and transpa& in the lower 
s&atosphere is not nwessarily zero at any insbnt i;mt. t h e ;  instead the br-elmce occurs 
s d y  when hese terms are averaged over a suaciently l o ~ ~ g  time. Because of seasonal 
and intermud v~dt ions ,  this ""sfficiently long   me" can lae: a yew or longer. 

Long-lived lracerLv Of special interest to the stratospihe~c chemist are the so-called 
""lng-lirved tracers": :orrstituents such as rritmus oxide (Plf,O), methme (CH4), and 
fhe CFCs that have long Jifetit~nes (z > years) in the troposphere and lower strata- 
spbre but are deswoyed rrppidfy in the middle and talpaer stratosphere, We stated ear- 
lier (e,g, see Figure 5.12) that the diseibutdon of &ese species is heavily influenrrd 
by &ixn;spoe. 

I1 &as been noted fiat scager plots of one long-lived &acer: against mother o&en 
show ~ g h t  one-to-one relationsEps between the dat ven when the species are 
compfiekely urnelated cl~emically. Figure 5.85 shows a g c ~ d  examplie of this l-;ight 
coneiation. 

Because these conelations e ~ s k ,  a howledge of the abundance of one long-livd 



Fiwrr? 5,15 N,O abtlndance vcssuls 6H4 abunclance, measured betwen 400 and 4-50 K 
potmtid temprature and between 72.4"5 md QW.4°N. Data ~neaqwed by &e shuttle-bme 
ATMOS irastrumetpt 11% 1 on the ATLAS 1,2, md 3 xnissisns. 

bracer provides hfomation about otha 1ong-1ivd constimen& Bz;in an ah- pmcel. This 
is exwemely useful when one does not; have measurenlesrls of ail of the ctsnstituents 
needed for an andysis, For example, if one klows that the N2Q Ira m air paeel is 
t 75 ppbv, then from Figure 5. X 5 it can be iderred that the 6H4 abundmce is 1.2 ppm'd; 

To unders&nd why the abundaaces of Ilorzg-lkd species conelate, one mu& erst 
undersmd the concept of stope equilitorium. In re@ans af the atmosphere where the 
photochemicd hiietime 1/L of za consdtuerar is much hanger than the kiixne-scale for 
ho~zontai eddy tlranspoe (a few months), it was shown by Plumb and KO tP82j that 
the sitopes sf the isopleths are hnctijloans only of the circuIation of the altXXaosphere 
[ 1 9121. This sirnation i s  h o w n  as s l o p  equi kib~erm, 

Xif two spcies b t h  obey s l a p  equilibI-iun~~ i s o p l e ~  of the ~pcies  will therefore 
be cohcident, as is shown in the lower stmtosphere of Figure 5.16. How one saw1es 
this region, of the stratosphere is inefevmr [ 1921. Goncen&atir;lra AIE will &ways be 
asscleiated with corzcetlntration B 1, A2 with B2, and A3 with B3, A stater pfot of the 
concentrations will therefare yield a ""compact rela~onmx:one where the ahuahnce 
of mce:r A is a unique function of the abundance of anotf~er tracer B, i.e. [A] =fl[Bj), 
with m depedence on other v&ab1es such as dtiwde or hafitude. "rhe condition 
where both cunstituents sky slope qui iEb~um is often called the ""compact relajlon 
regime". 

Now9 assume that constiment A has a sho~er  Iifetiane &an constituent Be mere: is 
some dtikude ralge in the at~~~lrsphere over which caastitue~ft A Is not in slope 
qu i l i b~um,  but Irwause of its longer lifedme, constituent B is* As a result, the 



High btitutlde Low Latitude 

Figure 5.16 Tracer conelation schematic. Solid black lines are i~opleihs for Wdcer A, md 
gray dashed lines are isopleths for uacer B. Thin dmhed Lines are paths in the atmosphere 
over w ~ c h  the ~dcers  are sampled. 

isoplcths of constituent A arc shallower than those of constituent B. This situation i s  
shown in the upper stratosphere in Figure 5.16. Because the isopleths are not 
coincident, there is not a single compact relation between constituents A and B. 
Instead, the codation obtained depends on how the atmosphere is sampled. To 
illustrate this, Figure 5.16 also has four thin dashed lines on it-two vertical and two 
horizonnd, Consider the twn vertical Iines first and imagine that one is measuring A 
and B along these two paths. On the equatorward line, one sees that concen&ation 
A5 is associated wiQk B4. On the poleward line, AS is associated with B6. Sampled 
this way, there appears to be a latitude dependence to the tracer relation \ 1851. Now 
emsider: the two horizonsaj8 fines and imagine m e a s ~ n g  A B along these two 
paths. On the lower altitude line, concenh.ation A4 correlates with B4, and A5 
correlates with 86. On the higher altitude h e .  concentration A5 cotrclates with B4, 
and A6 correlates with B6. Sampled this way, there appears to be an altitude 
degexkdeazce to the tracer relation. 



It, bagine that the Brewer-Dobso~~ circl;afation and the harizontat: eddy trmspost: 
both speed up, 
(a) M a t  will happen to the mem age of air in the stratosphere? 
@) Wh;rr wU happen to the: t0daB amowt of a,, NC),, and Br, in the smraspl"rere? 

2. Wdter vapor budget of the stratasphere. 
(a) m a t  i s  the mass of the ~kmtospkkerel) 
(b) Assuming a lifetime of: str'atospheGc SLjr of 2 yews, what is f i e  mass Bow out of 

the s&atosphere (in kg s-v)? 
(e) me ""s~all comer" ~pothesis. V~uaHly all sf the hydrogen in the stratosphme 

is tr&~port:& there from the troposphere. However9 it was suggest& at one 
point that 28 camds hit the evev minute, md &at each comet contained 
30 tomes of H,O, If this water is dqosited in the swdtosphere (and &en well 
mhed thoughout the seatosphere), then haw much water vapor h the strata- 
sphere would be at~butable to this sowcel 

(d) Troposphe~c sources aP total hydmgen. match the obsemed stratospheric total 
hydrogen abundaace to within 8 few percent, ~ ~ O V I - "  much of 8 missing strurw of 
water vapor can therefore be i~~comrnodated? 1s the s~ndI-caarr& hypothesis 
consistent wi& this uncertainty? How could one nrxdilfy the sm8lil-comet 
hpthes is  to bb: cmsiste~~t wiz;fr these crafcufatiomrs? 

3, DlY CVebunnk it ycdurselr". Explain why &is is mongr 

A new sady repofis memuremene;s by a sateUite that indicate a localized md sat- 
urd source of Bf l ,  a hewn esme-depletiag subs~mce=, in! the Arctie &oposphere, 
espcially over the Hubon Bay Mea, The measwements show a sp~gi rme  
6Cp1t11n(3-'' of brambe, wk~fjti destroys ozone the kc t ic  troposphere. If this 
namalily produced chemical mixes into the pol= stratosphere it could be: &e 
sow= of the stratosphe~c ""omne h01e"Jound in polar regions duhg s p ~ n g i n ~ e ,  
instead of nnm-made refrigermt ~heficals (as PS ~unently kjieved), 

4, M a k  S, 68j~~la te  c0dieDmxl 
(a) Given r;lte 0, V m  ;;ls a %netion of pressure9 dle~ve an expression for the 

column abundmce in Dobson udts,  

s&atosphere, wh& i s  the ~ortlgnxn abux;tdmce"lssume: the @apov&use: is  at 
200 hPa, 

(c) Now assume that a wea&er system causes the trolmpause tie, lrjise to IS0 hPa. 
What is the coIrnmn abundmce? 

(d) Frmco asks Mark to explain why the colum chmges, Help Mark out, 



Chapter 6 Volcano! ! Effects of the 199 1 Eruption of 
Mount Pinatubo on the Stratosphere 

In Cl~dpters 1-5 we discussed the peesses that produce, destroy, md transpoe Ox, 
Together9 these proesses deternine the dist~bution of Ox in rh strdtosphere, In this 
chapter we sherdy the egwt of a prturbation to the sWdtosphere-ixt this case, a lmge 
inerewe in SOz ahndmcs: following a major volcanic emption, 

The TOG& point of this discussio~~ is the eruption of Mount: Pinatubo in the 
Pt~iHipines (1 S0N, 1;?O0E) on Tune 25, 199 1 .'nis eruptim injwlea -28 x If)12 g 
(20 Mt) of SO2 iato the kopical skatospbere [22,231, Figure 1.9 shows that in the 
yeas afier the emption, global average column 8, cleclined sipifica~t1y (see also 
[26-261). These is now a general csnsle=~sus ad this d ~ m a s e  in 0, was causalify 
liiinked (o the injection of SO2 into the s@&osphere by Mount Pinatubo. In &is 
chapter* we will discuss the &eo~es about how &is ix~jection of SO2 ted to the 
rduction of stratosphefic Ox, Tfis exercise will demonstrate the subdety and eom- 
plexliq that: makes omne such an interesting cmstituenk, 

It should be mted that volcanic peaarbations to the stratosphere are no8 rare 
events but occur on average wery few yeairs [8933. Between 1984 and 1996, for 
exampie, there were at Eeat three erttptians besides Mount Pinatubo hat  gneaurbd 
the stratosphere [194], And jwt prior to that time frame, in March and April 1%2, 
there was a major emptiora of El Chichdn (17.3"N), which i s  also blieved to have 
reduced stiratasphefic 0, lf 1 951. 

As discussed in Chapter 2, a voIcaxlic emptisrr. can significmrly increase the s&atas- 
pheric aerosol sladace wea density (SAD) of the stratasphere. Piguse S,I shows two 
views of the evrsiutiion of the Iswea: stratospheric SAD ktvvwn 1985 and 1997. 
Between 1985 and mid- 199 JI the lr>wer=.s@atosphe~c SAD graduaay dwreaed fsom 
-3 to -1 pm2 ~~11.' as the aepusuli fcsm the eruptims Ij-f El Clnkclrbn in 1982 and 
Nevada del Ruiz in Pilwember 1885 was flushed from the smtosphere. The emption 
of Pdevdo dell Ruiz can, be seen in $oth pafls af Figme 6.1 as the kxrease in the 
Sm in late 1985 and ewiy I986 over the erguatss. Ira mid- 1991, Mount Pirxamh 
emped, md the eRects an the stratosphere were dramatic [ 1963- The aerosol SAD 
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FSgurre 6.Z (a) Aerosol SAD (w2 ern 9 f 19.5 km. The black regioas. in late 2991 m d  e z l y  
1992 indicates regions where aerosuls wrc: so thick drat tbwe were no meslsurements, (b) 
Tiarre sefies of the srosol SAD at 19.5 km for ~ e ( :  diEerent latilde bmds. The &kix in h t h  
tap md b k b m  plnb are m~laXEy and seasonally averaged [4194]. The tick maks  in the plots 
are Jmuary I of each yew* 



increaed w i ~ n  mon&s to about 30 times its abuncjance p ~ s r  &a the emptiaar [455. 
In the years sirace the emption, the aerosol SAD has decreasd, a111d: by 1999, the 
aeroscaX SAD vvm n e a ~ n g  the FPackgr~lmd. 

The rramimunn enhancement af the SAD from a volcanic emption generally 
occurs in the .lower stratosphere (e.8. see Pigre 2-31 kcause the vast majo~ty  
s f  the vslcaPric effiueinl is only energetic enough 10 re;ncl-r this level of the smt- 
asplaare, 

In addition to the changes in the aerosol Sm, the size distribution and the related 
propeaices of the paaicles (e.g, eRective radius, r2pticaiS depth) makkg up the aerosol 
cloud &so varied after the eruptian of Mt~tin~: Pinatubo 94X,19ql, Ns other species of 
in~porkance fa s@atosphe~c: ehemisky, in p ~ i c u l a  Ma, appar to have k e n  
injected into the strat~sphere by the erupdon [ 1 9M,t89]. 

The increase in the aerosol SAD due to a volcanic emptioxt dfects the cherni~&I"y, 
rddiatisn field, and circulation of the stratosphem, We wilt discuss each eEect: in 
turne 

As discussed in Chapter 2, the rate consant for the first-orda lass of a ecmsl;ii&ent 
in a heterogeneous r e i l~ t i~n  can be w ~ t t e n  (Mudion (2,22)): 

wilere Ir is the thema! vetoeiiv of the ~lew&nt molecule, A is the arasof SAD, md 
y is the reactive upt&e caeacient (the fraction of colfisicans between X md the par- 
ticle that result in a! reaction), 

The increase in the SAD followkg m emption leads to an, inc re~e  in the rate CQE- 

stants of the heterogeneous reactions, As we will s h ~ t w ~  &is in turn leads to ehmges 
in the ga&iticming of the chemical Pmil ies relative to the aonvoleanic s ~ t e ,  If these 
ckmges inc9urde ckzmgcs ilil the abundance% of Ox-rleswcryirag radicals, then chmges 
in the a b u ~ b e e  af OL may result.. PinalXy, because the i n c ~ a s e  in SAD due to a vol- 
cano occurs prim&ly in the lower stratosphere, B e  major impact c)$. heteroge~~eous 
chemism occurs there, 

M20, hydr~ky~~is The mast imp~mmt kc=&rogeneous reacfimla in the s&atosphere is 
the hydrolysis of N2O5- Dufixrg the night, N,Q5 is famed in the seetion between 



NO2 mcf NO:, (reation (4,4l)), This M205 is subsequentiy eanvefid to m(3, via 
hydrolysis (maction (4,4&)) & it01 f : 

me incre&e in the aerosol Sd%CB after volcmic: emptians kcreaqes the rate consant 
~',,,5,,,,,,, which, in general, increases the rate at which N,O, i s  hydrolyzed and 
HMO3 is famed, Because the rate at which WNO, is coatvated back to NO, is 
unchmged, the abunclimce of NOx relative to HMO, decreases [I I6q. 

Figure 6.2 shows the fPdQa,]/[NOyj fatjo in the 1owril.r s~atosphere as a funcrloxr af 
the SAD in three cfigerent seasons. ansiistent with our previous discussion, ~s fig- 
ure shows that an increme in the Sm is generafly nccompamied by a dwrease in the 
abundance of NOx. Additionally, the abundmw of NO, (relative to N'Ca,) increaes 
JFFQm winter to equinox to summer* This occurs becslhlse of the demealing length. of 
night (during which NO, is coaclveded to HNO, via N,O, hy&olysi?;) md in~reming 
phstotysis mtes of ttse N q  reservoirs HNO,, N,Q,, md ClOWO, (whose ph~mlysix 
prdums NOx). 

iEnt~=restingly~ ehmging thie aerosol SAD h a  the Xagest eReet on the [MOX]&M'81,] 
ra8io at tow %ADS. A b v e  -5 prn%cm", changes in the S B D  have little: effect 8n the 
NOmO, ratio 11 41 6,2003. the bakgrcrtorrd SAD in the Xt3wc;r sWdtosphcre, 
-1 pm2 crn ', i s  in the region where the [NO J/fNO,j ratio shows a large sensitivity 
to changes in the SAD. 

The smaU sensitivity to changes in the aerosol SAD s e n  in Figure 6.2 when the 
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Fiere 6.2 D&fliine-&veraged stedy-skte lower-stratosphe~c [N02j/[NOyj ratio versus the 
mrosol SAD (pm%errz 9 )om a, madd, Model mn for 45'N, 220 K, and SO hPa. 



surface area i s  greater than -5 pm2 cm3 is often referred to as "saturation"4.e the 
atmosphere is s a ~ a t e d  with r e s p ~ t  to N,O, hydrolysis, so fu~her &cremes in 
sudace mea have no eEec& an the N Q  abetndmce. Saturation occms when the life- 
time of N,O, with respect to hydrolysis (1/H,0k",2,5,) is much shorter than the 
length of &e night. When this is me, every N,O, famed during &e night is 
hy&olyzed to fom HNO,, aPx this case, the rate at which NO, is conveaed to HMO, 
thou& hydrolysis is bmited Xsy the rate at which N,O, i s  fomed, m d  mt by the rate 
of N20, hy&olysis, Additio~~al SAD does not increase the rate s f  H2Q5 fornation, 
and therefore dws not affect the sdte of eanversian sf NO, to EmO,, 

mere is a subtle point here, The addition of aerosol SAD always ixfcreses the 
rate ccmstanf for the heterogeneous reaetir;pn. Hawever$ the ra%e of the reaction is the 
rate corxstmt times the eoncentration of the reacbnt. For N,OS Ixy&6~1ysis, once sat- 
watiran is reached, &fiber &creases in the rate c~nstbnt a e  accompanied by 
deereases in the concen@atian of %l,Q5, so tihat the praclwct 0f these is wncha~ged, 

BrGdNO, hydrolysis "sother hydrolysis reaction i s  the hydrolysis of l[%fiNt3%, 
(reaction (4- 87)): 

There are two fundm~enbl diBerences betwwn the hydrolysis of N,O, and that af 
BaNQ,. Ff st, bwaarse fornation of N,O, wews only at ~ & t ,  the eBxtive~~ess of  
the hydrolysis of N20, kcreaws as the length of the night hcremes, BrQSNO,, on OEte 
other h a ~ d ,  is famed dar~ng the day. In air exposed to stanlight, the following cycle 
conveas NO, and H,O to E%NQ3 md 81-11: 

Afkr sunset, photcritysis ceases, b ~ g h g  ehe cycle to a half. AS a result, the eEee- 
tiveness af this cycle increases with the length of thy. 

Second, BfiNQ2 hydrairysis cycle does not saturate wi& increaing slerosof &bun- 
dance [102]. Assuming tkat BrBNO, is in the pb~tochemieal steady s ~ t e ,  we e m  
m i t e  its abundmce sas 



Multiplying Equation (6.2) by kn,,,,,r,,,, yields an expression for 
k",,No,,,,,,[BrONO& which is the rate of reaction (4.871, the hydrolysis of 
BrQPlfa2: 

Since JBfi,Mq * @'nfiNo2+lr,o* the denominator &,,,a2 + kJi,,,,c,,+,, 0 = .I,,,,, and the 
f rate of BrONO, hydrolysis scale linearly with the rate constant kt ,mq,,2,-which, 

as we discussed previously, is Iliaea1y prcsfpodional to the aerosol S m .  It should be 
noted that the condition JBaNq S kHsmuo2+El,o is satisfied even for the high aerosol 
SAD found &er the emptiosx. of Mount' Pinatubo f E  021. 

n u s ,  the impomce of the hydrolysis of BflNCJI, hcrems with hcreasing 
lmgtk of day and with kcreasling aerosol S m .  This c m  be contrasted with the 
hydroly sis of N,O,, which becomes less imporf.mt as &e exposure to sunlight 'lay an 
air mass increases and efiibits a saturatiora condition where contkued addition of 
aerosol abundmce dws not increase b e  rate of N205 hydrolysis, 

Low-te~eratur4 h~terogeneous remtioyzs The hy&oIysis reactions of H2O5 and 
BrONO, have large, temperature-independent reactive uptahe coefficients (y,?,?,,,,, 
= 0.1, %aNo,+a,o = 0.8), and therefore can be important under m;iny con&tlons. 
'There are sweral other reactians that occur idon sulpdte aerosols, but are hpor%dnt 
s d y  at cold temperatures: 

61ON8, + HCX el2 + ma3 (16.5) 

mese four reactions conve& skrferine from the long-lived resemuk species HC1. and 
GfQNQ, to the more labile s p i e s  el,, HOCI, and BCl. m e n  exposed to sunlight, 
Cl,, XrEOCI, and B f l  we rapidly pl-ilotoB!yzed to produce CB!,, l%us, all of these reac- 
lions increase the ahunhcc :  of @1, at the exgense of Q, resemoir spmies. The reac- 
tions hvolvhg ClONO, also prodace the less labile spwies HNCB,, which reduces 
NOx. 

Figure 6.3 shows the reactive uptake coefficients y for  actions (6,4)+6,7) 
functions of kmperamre for Qpicd lower s&atospheric csotlditions, In general, the 
reactive uptake coeBciem& yare knctims af wa@r vapor abunhnm, gaaicle radi~xs, 
ambient pressus, and the abundance af o"c&er Wace s p i e s  129,335. As one c m  see, 
the reactive upt&e coeRcients fir aese rea~ticlras are swongly temperature- 



Figure 6-3 Reactive up&e cmf6cients 7 for va~cbus reactions of s&atsspfir.e~~ hpomnce as 
a fatnetion sf  temprature, y i s  far Gwt-order Loss of @IQN02, HOCI, and HOBr. GonrrEitioz~s 
arc VpieaE caf thc. lower stm%osphere: 60 h h .  5 ppmv H20, and. %worn8 radius 0.2 prn. [FTClJ 
i s  t .5 ppbv* exwpt for the C310H0,+P.128 reacticm, where [HCl] is zero, The 616)PJQ2+HCl 
and 6310N49,+H20 fomulatims are frctraz Hiimssn and Ravishmkara 1.301 m d  Harxson [261j, 
the HCl+B3OC1 famtaf;tlion is from Donaltlidsoa et ale [2021, m19 the HCl+HOIBr 
is from D. IP. Hansun (prsoxaal eommuakaticln, X998), 

dependent. At: temperatures typical of the Iawer stratasplaere (> 21;%220 K), these 
~leactions have reactive uptake cwffieients &at: are sa small that the reactions are 
negligible. At extremely Iow temperaturrzs fbeIow ~ 2 0 0  K), sueh as those found in 
the lower sr;ratosphese at hi& tatituks in winter? these reacdons have reactive up@e 
cm%cienbs th& are large enaugiir far the reacdons to keome impoa~nt,  Far tern- 
pratures &tween &ese extremes 42W288 K), the re;lctiive uptake coefGcicn& are 
sueh that these reacdans are negfigiMe for the background SAD, but potentially 
impafiant for an enhanced SAD, such as that found immdiately after a volcanic 
emption, 

Melt. q#ect L$ the x"ytcreai4.e in keteroge~eous reaeti~n rates The prima" direct 
result of the eruption E O ~  Mount Pinatubo was the decredse in the abun&la?ice of 
NO, h the lowm and mi&-sttr;ala?ipd~ere compared to the pre-emption atmosphere 



[4&, 1M, lt3'7,I 1 69200,203j. Because the pdfiitiorming of each chemical %"arriiIy gen- 
erally depends on the partitioning of other chemical Families, this dket effect 
led to changes in the pBdtisnhg of fie ~l;lper c h e ~ c a i  fmgies, 

Let us Grst investigate the egect af changing NO, on CI,, with all other 
atmospheric parameters fixed. @I, is almost entirely composed sf the species 
&19(SMU2, HC%, and 61,. Because of the shoa lifetimes of CI, mdi GkBNO2 corn- 
paed to HCI, ;A c b g e  in NO, h~itially &ives chmges in C%, and ClONU,, and a 
new equilibrium between these two species is established withiin a few hours, 
Assuming the phatochemieait steady state9 the relative aibuadaxbce of ell, and 
ClON0, cm be w ~ a e ~ l t  as 

Note that this ratis is propoflional to I/[NO2], Assuming that the reduction in NOQ, 
lends to a reducLiiorn in NO,, CIA will increme at the expense af @XON02. "s inverse 
relationship has been verified by absemations f7e)J. It should be noted that beemse 
the abundmce of CIONO, in the lower a ~ ~ d  mid-stratosphere is 5-20 times the 
abundsrrce af 610, fmge fractiond increase .g, factors of 2-3--h 610 %se 

accompanied by small fracdorraf changes in the abunda~~ce of C10Na_%,, 
On time-scaIes longer than. the lifetime of HCl (weeks in the lower stratosphere), 

the abundmce of H61 adjusts to the reduced abundance of NOx and the new pagi- 
t i o ~ n g  betwan CXQ and C10N02. As discussed in. Chapter 4, HCI is produced pri- 
nraa~ly fmm the reaction betwan CZ and @H4 (reaction (4. I I>) m d  is destroyed by 
the reaction &tween HC'L md OH (reiectim (4,lb)), Assuming photoche~nicd 
steady state, the abundance sf HCl i s  therefare a function of &he OH, CI'I,, m d  
abundmces: 

Nore that the assurragtion of the photochemical steady stdte for HC1 is not nKessta3.- 
ily conect owhg eu the long lifetime of HCf in. the lower slratosphere (weks), We 
expect, however9 that Equaticsm (6.9) gives an accurate indication of how [RCll will, 
an average, chmge as the abundance sf a&er cmsdtuents cha~~ges, 

According to Equadon (6,9), the abunhce  of HCl is propsrfionaX to the 
abiundance of el. atoms, As discussed above, the abunc%mce sf el, is  ~aporZ:lrsnd to 
I/[Nrl=t,J, so the decrease in NO, causes the abunda~ce of C1, to increase, At the same 
time, however, the: darease in NOx changes the pmitioning bweert Gk and C10. 
Fauatiorrz (4.9) says Bat [BIG]/fCL&):l is propar&isnal to [NOj; so while @Ix is increas- 
ing, the decrease in NOx also causes CI to m&e rap a smdler component OF Cl,. If 



the ratio sf [NO) to [NO,] remains fixed, then these two effects cmcel, and I]%11] 
remaims uxxch~nged. 

llnr the llower and fid-stratosphere the ratio [NOl/fNO,] (Equation (4.39)) can be 
approximated: 

I f  there is no change in 0, or JN02. the ratio [NOJ/[NO,] will be unchanged by a 
reduction in NOX. n u s ,  the abundance aE CX atoms will remain unchmged4espite 
ra significant increase in CI,, Reiteratjing, tgs  mews bcmse  the inmea-ase in 
[ClJ = [6118] -a- [GI] dfiven by the decrease in NO2 is exxE;ay compensated for by a 
decrease in &e [Glj/[G/] ratio d ~ v e n  by the $emease in NO" Because [GI] does not 
change, we expect ZiEile change in [HGl] from the direct effect of decreases in NO,. 

Thus, a recl-metion in NO,, holding everything else constant (OH, CH,, and Q3, rdte 
coastan&, phatolysis ~equencies), increases Cl, at the expense of ClQlbNO,, wkle 
1e;xvil:rg H@X unchged.  In reality9 of course, the rt;.spoljse of C1, paaitiuning will 
depnd on the changes in all of the geophysical parmeters, It &urns out, however, 
that the &crease in NQi, is the d o ~ n a n k  eBeet and can explain most of the changes 
in tlre pmtilioning s f  el,. 

Gtbsewatims v e ~ f y  that tbe e m p ~ o a  of Mount Pinawitbo in 1991 did kdmd 
I~ave a dmrnatic effect on the parlitioniring of C1,- Concumihant wi& fhe dsrease 
in NU,, ClQ (which accurately approximates Ct,) was observed ta increase 
[46,";9? 3 16,204 with little change obsemed in HC1 C2054. Models ["%&209] esti- 
mate &at, in the years following the emption of Mount Pinatubo, CI, increased 
by lihi~y to several hundred percent, depending on the latitude, time of year, and 
aerosol abunclaxzce, 

Next we turn to the Ha, famiIy. We saw -in Chapter 4 how the hydrolysis of N,O, 
axad Br0N02 followed by the phatolysis of HNO, produces HOx (cycles (4.55) and 
(4.56)). me increase in the aerosol SAD after a volcanic emptic~n therefore kads to 
an incmase in the rate aof MQ>, prtduction, which tends to i11crease the I-fQ abura- 
dame, The ir~crease in production rate clue to Inydrolysis reactions cat. be sigaificant: 
rsli high sudace seas, pmduction of H-14;), from the hydrolysis of BflNO, cornptes 
with the direct ga.s phase oxidatic3n of E%,O (renetion (4.54)) [14)2j. Additionally, the 
decrease in NbdO, slaws the loss of HO; due to fornation of HMO, (reaction (4.42)), 
wkch firahet. tends to increme l30,. Madells [20&2aC)8] estimate fiat, in. the years 
following the emption of Mowt Pinatubo, Z-18, increased by 20b1Q100ra9 depending 
m the latjiC~de, time of yew9 m d  aerosol abudancc. 

Xn addition to affecting the total abundance 06 HcC",cC",r, NO, also plays a role in par- 
titioning HOA. Equation (4.66) indicates that the ratio [lfPH]/[WB,I is ~opoaioxaaX to 
the a b u ~ ~ d a ~ ~ c e  sf NO, so a reduetion sf  MO Eeds to increased WQ3, reliative to OH, 
an eEect verified by lowe~=.s&atosgrhep-i.c obsewa~ons of Ha, [74], 'l'his is potentially 



imprkaak &cause it is the HCP, radical that rate limits the most inrpomnl 0, loss 
cycles: incresing H02 at the expnse of OW will increase the loss rate of Ox a t t~b-  
uted ra HO, chemistry- It should be noad, however? that b e c a u ~  the abundance of 
Ha, generally exceeds OH by a factor of 5, signigcant increases in the ratio are 
accompmied by modest increases in the absoZuk abundmce of PICa,, 

The net agece; of heterogeneous chemisty on odd-o,g>gen abtdlzdaazce As we kave 
discussed severai dmes, the total loss raft= sf  0, i s  twice the sum of the rates of 
the ca&Iytic qcles. For the NOx caedlytic cyciie the rate of (2, lass is p s p a ~ o n a l  
to the abundmce sf  NOx, me hcrease in the xrosst SAD leads its a ~"educ&os'n 
in NOx mad therefore a slecrese in the loss rate sf due to the NOx cycte. Tks 
same reduetion in N&b,, howevert leads to an hcrease in the rate of 0, loss due 
to the Cl, m d  HO, catalytic cycIes. These two effects oppose each o&er9 m d  the 
sign as well as the magnitude of tlae net eRect depnds on w ~ e h  of these changes 
is largest. 

Bm the case of the emption of Mount P"im&bo, in the lower skdtospllrere the illcrease 
in ;the rates of the GB, and Hd), eably?tic cycles damhated the rlt=creae h the rate of 
the NOy eatdylic cycle [%if As a ~ s u f t ,  the I;o~at 0, loss rate increased with de~reas- 
ling NOx, keding to a demease in kower-s$rkitI:c)sphe~~ OA. IXE the mid-sI:ratr~sph.e~"e~ m 
the sther hand, the decreae in NNQ, doxnth-llated the increase in Clx and WO,. As a result, 
the total 0, loss rate decreased with deereasing NO,, leading to an increase in mid- 
statosphe~e 0, f2031, TKs is shown s~hesxaaticaI~y in Figwe 8.4. 

Bwause &e abundmce of NOX is very sensitive lo changes in the SAD when the 

Figare 6.4 Schematic of' the con~btgtion~ of the vaficsras caaitytic cycles tt3 the mte C;), lass 
as a knction of NOX abundance. The solid veaicd iikes represent the sibations in the lower 
zu~d mid-s&at~spIrere, (Modified &om Wennhrg et al. 1745, figure 7.) 



SAD is near backgrout10 amounts, even smaXl i~~.raere;xses in tbe Sm above back- 
gound can lead to irmpoaant changes in the chemistq sf' the stratospheric Ox, AS a 
resuh, an energetic vdcanic eruption like  mount Pkatubo can pamb  the heteroge- 
neous chemisey sf  the strataspbere owr a h s s t  the entire globe. And rke clsemisq 
will remain paurbed umdj the SAD is back to ncdr backgound, whicla &keg severdl 
years. 

Fh~ally~ it should be pointed r~ut that the response of the atmosphere to Mount 
Pirndmbs was pomibly unique in the l~istory of the EaaX-2, It has been mgued that for 
~Watospkehc total cMorine abundances co~sistent with o d y  natural ,lissurg;e~abc?ut 
8,6 ppbv-&e dwrease in 0, loss caasd by the dwrease in NO, would have 
dominated hereases in HO, m d  Cl, 92201, As a result, C), would have hcremed 
tkou@orut the s&atosghere after a PinamjtSo-l&e eruption. 

In addition to modieing heterogeneous chemistv, wrosols also absorb and seaEer 
tlltravioiet, visible, and infrared radiation, 'Fhus, a change in the number* composi- 
tion, or sizes of aerosoi pmticles can modi.k"y the radiation 5e1d of the atmosphere 
[ 2 1 1,2 1 21. This can lead to changes in! the photo1 y sis frqmencies CTF rnoXecutXes in the 
stratosph~re, leding to changes in the chemicaI c~mpositib~an of the ~kritl~sphere* For 
Mount Pinatubo, the greatest impact was in the tropics, where the SO, was injected, 
a d  immediately after the empiion, &fore the cloud had a chance ta disperse, After 
about a yea,  the mrossl cloud was sufficiently di~pers13rljl tha~ it had a negligible 
eEecl on the I;il~atalysis frequencies, 

In ate tropic& tczwer and rrtid-strans~phme~ akundances csf NC),, el,, m d  I35 are 
low. Consequently, the most important photolysis frequencies are JcI2 and J,,,, the 
disswiatiun frequex~cies of 0, (reaction (3.1)) and 0, (reaceion (3,4)), respectively- 
After the emprioxr, I,, decreased by a few tens of percent in efie t w e r  stralosgtfiere 
as a resuXt of direct a ~ ~ d  diffusive bem atlenuatian due to the aerosol cloud 12131. 
This slowed the production sf O,, which tended to decrease tire abundance c~f lower- 
and mid-strdtospheric OA, 

J,,, the photolysis frequency of O,, on the other hmd, increased by several per- 
cent in the lower str;?ltosphere* "I"his increase occurs kcause the pe& 0, iilbsoqtion 
occurs at wave2engths longer than ~ 2 5 0  ~ m ,  ivhere muBtipje scattering plays an 
implrstmt role in dist~buiting the sslsr radiation, At these wavelenrg"cibs the increa,~ 
in scattered radiatiaaa due to the aerosol paaicles dominates the attenuation: of the 
direct beam by the aerosol particles [213j. The increme in .lo? incremes the abun- 
dmce of O atoms, which increases the rate of destmcrion of 0,. "!%is in tt2m tends to 
deerease the abundmce of Q, 

Thus, changes in J,, and .Ioe3 both tend to decrease 0, in the lower and mid- 
sQatosphere. 



Another csnsquence of the psurbatjon of the radiation field by aerosols: can be 
seen in Figure 6-5. m i s  figwe shows eleuly that the aerosols from ~e Mswt  
Pha~rrbo md El C11icErli6rr emypaions cat-tsed a rise in the temperaare sf the lower 
s&atosphere [224,215] (Figure 6.5). This warning is ccslXmated with the v d c d ~  
cloud, so for bath El CEch6az md Mount P"inatubo mtrsl c~f the w 
at low laGtudes. 

This heating resulted in a sbengthening of the Brewer-Dobson circulation- 
enhanced king motion in the .fr~pir;s md efzhmced dawnwel9iag at mid- and kbiigkx 
latitudes [209,2142 161. As discussed in the last chapter, the circdation of the s&at- 
asphere plws an hpo&an(. role in de ter~ning &e distribution of stratosphe~a: Ox, 
a m g e s  in ~ f . r e  circuXatian c m  therefore be expected to eEect the dis&ibutiara af 
slsataspherjis: Ox, 

Lna the tropical lower slr&osphere, the air bas low %bundances of KOy9 64, md fXr,9 
so chemical loss of 0, is negligible compared to production and transport (see pigu;e 
5,14), NCokzonraE ~rmsgrofi eaa be neglected kcause erf a combinafian sf  we& 
hofizontai mass ~anspoa into the tropics [182,184] combined with the small hori- 
zontal aadiermt of O,r. 11; should be noted that for same species9 such as N,O sr  F11, 

Rgmre 6,s GlobaUy Jxlkgrdted (65'S-H) and xed-wei&t& tempratme momaIy in the MSU 
c h m d  4 dm, wEch provide a mezrsurre of the wei&td mem ternperawre in the IS&5O Wa 
lay= The: m0rn;r-l~ is ct-ikrulaM as daerences from a semoradally v q h g  pe-Bimtuh average 
calcula& owr the 4 yeas 1987-1990, The dott(fd 1hes rmmked "El CI.lichdn" m d  "Rnatubo"" 
s h w  the ~ n ~ e s  aE the emiptioars. Quasi-biaankd ozillinrion egects have be11 removed. 
(Ahpted &om Raarleall el d. [23, Figwe 15, but uskg updiltd MSU dab W J. Rmdel, Wu, 
prsoniPS ~omm~t2icati~)n, 1998.) Tick mwks represat J a ~ u w  J of eaccch yea+ 



the gradlirene between the tropics and mid-latitudes is ilarge enough that llaariizontslE 
transpafi cmn& be ~~~eglecterf 1821, 

Bmed on this, Ox io the tropical Bower strdssphese (below -24 km altitude) can 
be modeled simply. We c m  write the continuity quadon for &), in this region t2E 71 
as 

where Pot is photochemical production rate and w is the vertical velocity. 
Assumhg pduction is unchanged, at steady state an inmeme in vertical velac- 
ity w will be accompanied by a &crease in the vt=fiieaB gra&ent of 0, (afO,f/az), 
Assuming that [Ox] at the trapopause does nepfi chmge, a decrease In t l~e vedcali 
gadient mems that fiere is less 8, at each aEtiliude above it [217], n u s ,  the 
strengthening sf the Brewer-Dobson circufation decreased ectlum 0, .in, the 
tropics 12 1 5,2 1 81, 

At mid- and high Iatiwdes d.ae Ox abundlrznrce is set by the more csmplicatd inkr- 
play &tween prduction, loss, md mnspc>fi. Itgodeli sirnulalions indicate that the 
increasing s&en@h sf the Brewer-Dobsc~a~ circulation after the emption of Mount 
Pinatubo led to the transport of more 0, into these regions, leadhg to an jlncrease In 
colum O3 [26)";P,206,2 %4,21 Qf . 

6.3 The Net Effect 

The tlet change af g), "Esllswing a volcanic emption is detemirned by the combina- 
aiim of the three eEects discussed in this chapter: the increase in the rate of hetert3- 
geneous rextians, chmges in the photialysis frequencies, md eharrges in the 
cirrcuXatictrz of the stratasphere. 

'Fhe d~emhmt egeet is the iracreme in the rate af heterogeneous re~tiions. Models 
k207-2091 suggest that t ~ s  eEect by itself led to :osigmifii,@mt: Becremes sf &), after the 
ertnpticln of Mount Pinatubo (as we11 as after El Chichdn F1953). The egect is most 
pronarxnced at mid- and high 18kitudes daring the winter and early sp~ng .  Here the 
enl~mcement of fi;l,rO, hydrolysis is most egective because of the long nights ft3und 
there, 

Addikionalitly, in regions of cold kmperatures (hig11 latitude, winteaime, lower 
seatosphere). the he.Eerogencaus chlorhe reactions (reackit3ns (6.4) 10 (be?)) become 
impo-nt due to the enhanced SAI3, 'ltthese reactions conve& the mlatively arnl;r=ac- 
live @ I ,  reservoir species HCX m d  ClQN0, into more easily photolyzed spwies such 
as Cl, an$130Cl, thereby increming 621,. 

MocleEs predict that the heterogeneous-chemis~ perturbation alone reduced 
lower s~at~sphef ic  OX by % at mid- andl high fiketikmdes during winter and early 
spring, leading to a -30% decrease in column 0,. At other times of year, 



ex&atr.ropicait column decreases were a few Freeat* In the &ojpics, the heteroge- 
uneaus-.-chemizst~ pembatioa had little eEect, consis&nt with the general lzck of 

e of chemical loss far 0, in &is region. Prdicted changes in tropical cog- 
u r n  @ &am the heter~gemeoeas-ckeanrisQ pd:rf;urbatim were a prcent or less 
thoughout the year. 

The models pre&ct &at the c;Ee~t fmrn changes in the pRotoEysis frequencies is 
small, The maximum effect wcurs in the &o&lriclii, where eltanges in the phatofysis 
frquencies dwremed column O1 by at most a prcelat or so, 

Finally, the ma&ls predict that cihmges in the sbe~~gth sf the s&atosphe~c eircu- 
Xatigtn reduced coIumn ozone in the @epics by a few Dobson unit%, i.e. a. few percent- 
Irks .tow-latitude decreme is arccampmied by m ixt~rease h exeatropical e), of about 
the same xnagnimde, 

Column 0, measuremen& do indeed show substantid dwreases in column 
ozone (of the order of 5--10%) aver large regions of the g lob fol_Lswing the 
emiption of Mount Pinatubo (Figaxre 6.6) l251. The largest losses were obsemed 
in nc~~bem hemiqhere middle and high latimdes d u h g  win(er-s@ng of each 
year (llwgest in f992-1993), over sou&exm henxisphere high latitudes in sp~rilg 
1993, and episadierallby over the tropics Qudmg 1992-3993. In general, these 
changes are consistent with mode2 slirnrxlations af the post-Mount Pinambo 
stratosphere, 

Figure 6.6 G1obaIBy integatd (65"s-N) and wea-weighted TOMS column omne a~omaly. 
The anomdy i s  cdcufated a?; digerences fro~n a seasonally v;laying pre-Pinatubo average 
caBculdted; aver the 4 years 1987-1 990. The &rted Ikes r-raaked "El aich6n" and ""Pmakubo'" 
show the times of the empitions, QB0 effects have k n  xlerraaved. (Afier Raandel ei. a], f251, 
Figure 15,) 



I, Would a V C B ~ Z C ~ O  empting at ~ g h  latitude have: as significant global effect on 
stratospheric c k e ~ s w  as one empti.nig piear the equator'? 

2. Because J, ,,,,,, % k",,,, ,,+,,,, the rate of BrONO, hydrolysis scales linearly with 
aerosol surface area density. How would it scale if J ,,,,,, 4 kHBav0 2+,,,,? 

3" In steady state the abun&ncc af HCE is propoaional to the abundance of Cl atoms, 
D e ~ v e  the r&a;ia [Clfd(kQZIl J a- [CEONQ,]) In terns af rite constants, phorolysis 
kquencies, and the abandances of ather &ace species. Assume stedy sbfe applies, 
How do y m  e x p t  HCI Lo chmge if MO, elaa~~ges (you e m  assume &e ratio 
fNOJ/LTcSB,I does not change)? 

4, JEt hams out the reactive upt&e csef~ciex~ts for reek~tions (6,4)46,7) increase 
with increasing water vapor abundance, If water \?apor were to increme: (but o&er 
geophysical parameters remained the same), would tkat m k e  a Pinamba-like emp- 
tion have a greater or lesser imydet on strdtosphefic Or? Expgain yaw mswer. 



Chapter 7 Polar Chemistry 

The discoveq of the PI*nhsctic "ozone hsle'9hy an et al, 1121 wm a watershed 
in atmosphe~c science. Prior to this slisc~vey~ the idea that humm activity could 
sect stratosphe~c I;'%, was theoreiticaf and the effect was expected to be refatl;rivefiy 
small, In the yews 8 % ~  the discoveq, it; was f i d y  established hat c h e ~ c a l  com- 
pounds ernit;led by humm activities at the Eah ' s  sudace errxuld cause sp~tmrala  
changes of stratospheric 8,. In this chapter$ we wiXl discuss the sciea~fic evidence 
kinbng I;lae emission s f  clhliorofiuoracarbns (CFCs) at the sudam with wiprter and 
springdme ozone lass in the high latitudes of both hemispheres, 

The term "Antactic ozone hole" ~ f e r s  to the annual decrease of eoiklmn 0, a% ~ g h  
soksfiesn latitudes in late wiuskr and early sp~ng ,  Its fornation follows a similirr 
patem w e ~  year. Sming in rrrird-August, conespunding 2 0  the return of sunlight to 
the piar  region, a region af Isw colum 0, develaps, centered approximateEy over 
h e  Soath Pole. In subsequent weeks, the area md depth of the low column O3 region 
increases, rexhirag a. mmimum in exIy to mid-October. Thereafkr, column O3 
increases, leading to a redlxctiw in tbe size of the low-0, region, By the beginning 
of December9 column 0, is approximakly back to nomal, md the ozone hole is 
gone until filtze next year. 

Fipre 9-1 haws the m a  of the Aramctie ozone hole 8s 8 function of time, In 
11 988, the area of Ikre ozone hole was small; in fact, it is generally agreed th& the 
h&r&ic ozone hole did not exist p ~ o r  kr'r the Bate 119"70s, By the mid-1990s the 
ozone hale covered 4 5  ~ U i o n  h', or a b u t  10% of the area of the southern heM- 
sphere. The uxscemiraty in the &&Pa in Figure 41-1 is quite small; year-to-year Alrmct-Ma- 
~ o n s  in &e area we caused by yew-to-yeaat ~neteorotogicaf vari;.zbifiQ* 

One car1 a%so measure the ""clptw of the ozone hale-how 10w the column 0, gets 
wi&in this region of law 0,. Figure 7.2 shows a time sekes sf October-merage 
An&rcG;;ik: colunm 03. hior to the mid- to Pdte i1970s, high-Llatlimde eu8arm ozone wm 



Xikgure 7,l k e a  of the htmct ic  ozone h s k  betwen Oclrjber 1 am3 Qct0bt31.15 of e a k  yeax 
versus year. By cunuentit3a, the size of the aone hole i s  clefin& to be the: avemgc; area 
enclosed by the 220 DTT csntour. Columxr O, da& are version 7 TOMS data. 

above 3W DU in Cbctokn: HDu~ng the 1988s and Ii990s, column 0, decre~ed 
rapidly, By the mi& 8990~~ culturn 43, in this region was only &out one-third of its 
195&196Os value, 

Figure '7.2 also shows that the increases in size md depth of the An t~c t i c  ozone 
hole eanespnd well with the g0wtt-i obi the tropospkrer;lc: aksmdanlze: of CFC FIB 
(CClb,lF""), which is n primaq cont~barfar ts s&atosphe~c. Cl,, Fmn~an et aE. f12) used 
this cc~mtadon ta suggest e s ~ w d y  that the aasne hole was the result of the build- 
up of ehlo~ne in the stratosphere. 

Figure "93 show the itnatorny of the Anrzctic ozone hole. The dist~bution of early 
sphng ozone shows the same overall shap  in all years: there is a nn&marm in coli- 
u r n  ozone sound 55"s &the ""sbpolar maemurn'"), with coDrmann ozone decreasing 
toward the ple ,  '!%is overall dis&ibution, a subpolar maximum sunoua&xng a polar 
minimum, i s  caused by the circulation of the soulhem he~sphere  md i s  not related 
to Ot, chemistq.. 

4xa October f 9n9, cansi&red representative of the atnrosphere pAm to the ozone 
hole. rhe subpolar mawirtlkarsl in the co lum 0, is -370 DU, while the polar rulinimnm 
i s  w3W DU. By the ~ d - 1 9 9 0 ~ ~  the subpolar maximum had t l e ~ r c a d  little, if any, 
bat the pojar c~inimurn had decreased to 11582---178 DIJ, a decrease of nc~~11y 5Q%. 
And InacSrividuaI measurements sf column ozone of -100 DU or less were observed 
f241. Thus, we see that the Anmetic ozone hole i s  a deepening of an akeady exist- 
ing p I m  ozone ~ n i m u m .  



Figure 7.2 Hi&-Xatimde surrthe~n hemisphere column 0, obsewed in October versus yeas: 
Solid symbols are satellite measwemen~s, md a e  the vdue of' the mum gid point of ahe 
October manmy average cazlum O3 fields. Gkeles me Nimbus 7 and METEOR TOMS; tri- 
angjes me Nimbus 4iBLTV. Crosses ase the 8ctokr averages &om the BiGsh hmctie:  
Survey" Dabson irnstniment at Hdtlley Bay. B e  solid 1be i s  global average troposphe~r: FI 1 
(e"Gl,F) abundanm (from MCZAA CMDL), 

-88 -40 -20 
Equivalent htitude; 

Flipre X,3 Column 8, versus equivalent Za~tude averdged over October 1 lo 15, 1979,1992, 
and 1996. &uiv;xtenr latitude is cnlculated &am MCEP balanced winds on the $65 K: polr;n- 
tkd temperature st~daee. Gafimmn 0, meawemeats are version 7 Nimbus ZEOMS dah for 
1979 and 1992 md EmOMS data for 1W6. 



In ekae rest of this chapter we discuss the physicd processes ;that lead $0 the for- 
mation of the ozone hole. We win initially focus an the An&zcrtic, and then turn our 
;al;lention to polar O3 loss in the Arctic, 

'The first step in the fasrmatie~n of the A~rmcgc ozoae hole is ;tkz 4larrueiatjian of the 
pslw v8rl.e~ [ li87J. D u ~ n g  the winter the htarctie region mpe~ences 24 h of dark- 
ness evely day. There i s  no heating by absoqeim of sola uitraviollet radiagsn dhr~r- 
ing this time, E&ssion of thermd mdiation, however9 coxl~nraes, caushg the 
An~rcdc  lower stratosphere to cool (Figure 7,4).. The resulting cold pofm tempera- 
ares coupled wi& relatively w ten~peratures in the mid-latitudes causes a strong 
pressure gradient tc;, form between the polar and ~d-IatiWde reiorms, Bwause of the 
c c ~ ~ d i s  force, this naak-south p r e ~ s u ~  ga&ent creates a zonal (east-west) wind. 

Egure 4.5 shows coatoktrs of tbe zond wind velocity, Ncate the region of Egh 
wind trelscities xacar 66"s. S u ~ b  a region of high wind velocity is often refened to aas 
a 3et7', md the jet new 60"s is hswn as the "poilar ~ g h t  jet". The polar night jet 
extends ve~ieally from abo& IQ&b hPa to the upper stratosphere, reaching a 

F i ~ r e  7.4 niea covered by temperamres less &an $95, 189, and 11 85 R at 4-01"; K potential 
tewerakazl-e: (-20 h) in the southern hemisphere. Tem~ratures are From the UICM(3 
assinrjil~tiom system. 
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Figurre "1" Contows of the zanaj average af the zonal wind velocity (m s-9 on August 21, 
1995. Posi~ve vd1rses represent weskrly whds, Win&$ are from the UKMO assMjafion 
system. 

m&mt~m velociq of m x l y  IW r?ni s in the &dle s&ate,spikere between 30 and 
3% km* 

The tern "pka vonctex" ~fer:rs to the region palewad of the polar night jet 
Scientific analyses of the voaex, l~owever, generally use a definition of tbe v o ~ e x  
edge based on the mximum grdient in potential vo&icity (PV) f2195. ms dellilru- 
tion is supe~or to a definition based on w i d  speed h a u s e  PV is eo~m- 
semed by atmosphe~c &anspsfi (an  me-scales of a moneila or less) in a manlier 

s h i l a  to &ace gases, Thus, &fining the voaetx using PV better captures the effmts 
of rloaex isaiation on the kmee gas stist~bution, Ira 1992, the Antmctic polar voflex 
covered -35 million kmz, encumpdssirng Grtudly a11 BSi tke soulhem hemisphere 
]paJewad of about 60°S. Wik the vomx i s  subject to noma1 metearc~logical v&- 
ability, there is gas evidence that &e averall properties sf the Anarctie pol= vofiex 
have changed over the h q t  1 8 years, 

11. is impodaat to note th& the polar voaex and the Aahrctic ozone hole are dif- 
ferent entiriies. The ozone hole i s  the region covered by low values of G O X U ~  0?, 
wMe the pol% voaex is defined by the meteorolo@c;kl conditions, Between 1980 
a11d 189'6 the aea  covered by the polar vofietx ren~ained roughly eonstant.. Duhng 
this same t h e  the size of the Axa~ctic ozone hole inereas& dranraticdly ((see 
Figure 7,1), By the mid- f 890s the oxam@ hale cover& about two-thkds of the m e x .  
As we wil.fl &scuss, the increase in seal extent of the ozamlie bole i s  due alm~>sr 
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entirely to the increase in stratospheric chlorine over this time period, and not to 
changes in meteorology [220]. 

The Antarctic polar vortex has two important properties without which the for- 
mation of the Antarctic ozone hole would not occur. First, the temperatures in the 
vortex are cold (see Figure 7.4). This allows the formation of polar stratospheric 
clouds (PSCs). which play a pivotal role in the chemistry of the ozone hole. We will 
discuss PSCs in detail in the next section. Second. as mentioned in Chapter 5. the 
edge of the polar vortex is a mixing barrier that isolates the Antarctic polar strato- 
sphere from the mid-latitudes over the altitude range between -425 and -1000 K 
(-18 and 35 km) [ 186.1 88,221,222). To show the isolation of the vortex, i n  Figure 
7.6 we plot 0, measured on the 465 K potential temperature surface (-20 kin, i n  the 
lower stratosphere) as a function of equivalent latitude. There is a strong gradient in 
ozone collocated with the edge of the polar vortex at 6WS. A strong gradient in a 
constituent with a lifetime of weeks or longer can be maintained only if mixing is 
slow; otherwise, mixing would wipe out the gradient. 

As we will show. the chemical composition of thc polar vortex is very different 
from the chemical composition of the mid-latitudcs. As a result, the isolation o f  the 
vortex from mid-latitude air is crucial for the development and maintenance of the 
Antarctic ozone hole. Without it, mixing of polar vortex and mid-latitude air would 
short circuit 0, loss, and prevent the forination of the wholc. 
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Figure 7.6 Ozone abundance versus equivalent latitude on the 465 K potential temperature 
surface for September 15, 1992. Dots are individual measurements, and the solid line is an 
average of the data. Equivalent latitude is derived from UKMO PV. The vertical line denotes 
the edge of the vorlex, as determined by the Nash e t a / .  11191 algorithm. Ozone data are froni 
the 205 GHz channel of the UARS MLS (version 4). 



While ha~zmtall kanspo~ into the Antarctic polx voaex is negligible between 
4 2 5  and --.I800 K (18 and 35 h), ue~ieilf descent wi.thin eke v a e x  does wcur 
[186,221,223,2243, This descena: is a~butab le  rts the mean, ovegur~iing circulation 
of the: s&atosphere, w ~ c h  feakreres air descen&ng mid- md high Xatikdes, as well 
as the fact that the polar lower s&atosphere is cooling, md air wcupies a smaller vo8- 
ume as it cwls, Figure "17 shows a eaXcarla$ion af the descent of air pmcels within; 
the Ammetic plar  vo~rtex~ 3'31s: ca1cut;;rliurn shows that air in the A~ltarctic polar 
region descends rapidly dufirrg the fall, with the rate of descent sIowing as rtke regiozx 
enters winka:. By the middle of winter (late JuIy) the descent in the Xoww suato- 
sphere has vifiually stoppes;d, a d  the psla vo~zex is close to mdiative equilibrium; 
in the upper ~&ataspj~e~e:, descent i s  still sccwing, but at a greatly reduced rate, 

The ren;xn~ of slmjaight at the end of winter begins heatiog the voflex, lead- 
ing to higher temperartures &ere f s e  Figure 7.4). This in a m  reduces the Iatiadinal 
pressure gadient, which in turn reduces wind speeds around the vogex, As the sped  
of the jet somd the vo&ex is reducd, so too is the sQbiliity sad, isolation of the vor- 
tex, The voptex wind sysbm abmptly transitions @ the summer wind m g i ~ ~ e  by way 
of slam event called the final iifmtospheric wa&ng [222,22.%226], which typicdiy 
occurs in late Navember to late Deeembex; depending an altitude, During this final 
was~xxg the: AnMcGc vamx breaks into smaller air ntasses which then mix with 
~d- la t i tude  air [2%T], It is Ws break-up of the Axamctic polar v o ~ e x  that maks the 
end of the Antarche ozone hole. 

Enally, it should be n r ~ t d  that the area covered b~ the range of Itemperatures orF, 
and &.te longevity sf the Arabrctiic palm v o ~ e x  exhibit year-to-yeas va~ability Cw 
WMO /13j, Pipre 3.5). As will be shorn lister, the metearoIsgieal va~abiXli9 of the 
palm v o ~ e x  has impomnt implieations for the size md depth of the ozone hole, 

filar straaf~sphric CEO& At the cold temperabreg found within the palm vodh=x, 
water vapr  ;-and n i ~ c  acid condense to fom pmicles knawn m PSCS, PSGS are mu- 
ciif.I tc) the ~fheml~m of &e pslw region because, much like sulfa& aerasols, they 
provide surfaces on wEeh he&irogeneous reactions can. bke place, me exact tem- 
perature & which PSCs hm is a function of pressure and &ace gas abundances, but 
a canonical formation temperature, valid near 20 km far ~5lpie.d lower stratasphefie 
conditions, is -196 K. Bwause of the requirement for such law tempratures, PSCs 
exist ody in the winter and ear2y s p ~ g  poXm regions from the kropopause ta &ti- 
kudes as high as 4 6  kxn, (see WMO [134, F i v e  3.1 (13). 

PSCs are subdivided ingo two classes, desipated haginatively as t p e  I m d  epe  
IIIF, 'Qp il PSCs fona at temperatures several &grees above the &ost paint (where 
water vapor condenses in@ ice), Because of this it was suggested that type H PSCs 
were consnos& of a &xtrnre of water and n i ~ c  acid [228-2391, Laboratow work 



Figure 7-7 Pi~k~tial  temperature versus time for air pmcels initialhe& at V&WS pc>kn&d 
temper&ures iin the Antwetic polar vodex ia 1987, The hz~es shaw the evalutio~ sf potential 
tearrprature of individud pscels. (AlFrer RosemlEidd et al. 12241.2 

showed that cvstdTine WH03.3H20 gaitfie acid g hydra& or HAT) was thermcb- 
rfy~amiedly stable for s&atospheric ca~ditions below -1 96 K &23 1 3 .  mis wt>rk, 
couwxbined with in situ observa~oxls [2323, led the field ixkltiaI1y to irden~fy NAT as 
the c~mp&~sik:ion of type 1 PSCs, 

Subsequent atmczspheric abseruaf;iia~~s however% ccsuib not: be recandled wi& the 
NAT compsi~m-r. By the mid-19% it becan~e appafent &at the real sirnaban i s  
more cc~mplex. Other compasitiaxas, such as liquid H20BP3rD,m,S04 aerosol [361, 



also h o w  as superemled temav solution or STS, or c~staljine HNO3~2H,0 
( n i ~ e  wid dibydrdte or Nm) 12335, are ncjw &ought likely to play a role 
[234-2393- 

Fuaher? memurelnen& have identifiecli two classes of type 1 PSG, desipated as 
qpe Ila and type I&. Type Pa phcle~s;s are cvsaline, likely NAY or MAD, while type 
li&5 pmic%es are liquid, Bike@ STS [24,241]. These gdfiicles have typical characte~ 
isfiic radii af 0.5-k p. 

Type H PSCs fom at temperames below the frost p i n t ,  which, far typicat 
strsktc~sphefic values, is -184 K.. Far this remm, &ey are blieved to be ice crrsystals, 
Type IIX PSCs are predicted LO havet chmacte~sti~ radii of 5-20 pm [H2,243]. 

Chlo~kpze aefivadi811 As disewsed lira Chapter 4, ~orn~afly 4 5 %  of to&$ inorganic 
cl-ljtorine, Gli,, in the lower s&atosphere duhng the day is in the fom sf HCX and 
618N02, with HCif the sEghtiy more abundant sesemoire 4210 typicdy m&es up 
most of the rest, However, if has beera sbsemed &trr &ere we regions in the hWcGlie 
lower stratasphere where nedy d l  d &e el, is in the fcjm of C10 and CXOQCl 
[244,2451, As we wilk show, ClBMSl is involved in caa ly~c  destmctiaar oFQ, sa we 
inelude it in our definition sf GI,: 

Thus, absemat~omrs suggest that viaudlgr all of &e el,, has been eonvefied to Cl,. Our 
present understanding of p l m  chemisw suggests &at &k rqMiticllning accrxrs 
Q ~ a u s e  the f~llowing reactions wcur ao the sudaces of PSCs; 

Xr;l the gmlancc: of alnraospiiti&e chemistry3 the- conversion of chlo~ae  resemoks HCl 
md (11"80N02 into Clx is hewn w "chlorine actime-ioez". 

Reactive uphke coeBcient y for the v ~ o u s  reacdsns an MAT ($we Ba)$ STS 
(type B), md ice PSCs (rydpe U1) are Iiskd in Table ?,I. React;ions on N m  have 
ncrt been swdied as &orougNy as those s n  NAT; what laboratory measuremen& 
have been made suggest h t  the ra&s sn MAD are comparable to those on HAT 
[246,247]. 

Extincrtion rnemuremeaats suggest that EZSCs exist only bhe&iy (bows to diqs) ,  and 
air masses are only 86;casiona~y exposed. me reactive u p ~ e  coe%cienab?i, hawever, 
are generally ss farge that even inta~mitlent exp~sure la PSGs can cause significazlr, 
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repaai.ri;aning of the Cf, family. ln many caes, even a brief expasure to :O PSC causes 
reactions (7,2)47.5) to nm to completio~~-i*e. run until om reacmlt is depleted, 

React-i on 
n-. ,,,,- 

yon NAT yon ST'S yr>n Ice 

(3f8N02+filTGI 0.1 0.08 0.3 
HCPCkHCt 0.3 0.3 0-3 
Ct0H6;;1,+H2O 0.001 0-rn 0.3 
HQBr + HCE Not measured Z 0.3 

y for reactions on NAT and Ice from Table 64 of DeMsre el ktl, 151; 
y for reactions on STS are arssumed to occur at 1185 K; the values 
me obbined from Figwe 6.3. Reactive urgt&e caeEciient9 are for 
the first-order loss of 610N8,, FZOC1, or HOBr. 

All of these PSC xactiro~~s convefi relatively long-lived resemoir ~Mofine speies 
fHCl and CIOMO,) into 61, and HQCI, labile foms of' chlo~ne  that are easily phs- 
toiyzed. Upan exposure to sunlight, GI, and HKi l  are photolyzed wi&in several 
hours to CI &oms. Cl, is in plsotwhemica steady state, so hese Cf &oms are .rap- 
idly cc~nve~ed t~ GlCP sic aCIIC)Wl moIecules in order to mainain steady-state pmi- 
t i o ~ n g  of CB,. 

Figure "78 shows the egect af PSG reactions. Abave -1 96 K about 50% of the Cf, 
i s  in the fom of HG1, with only a few percexlP present as CX, (we expect most. sf the 
rest. is C110M02). Below -196 K, at temperames where PSCs me expected to occur? 
we see clk~o~~ne activation: r&uceQ ir2bssnbar;xces of H@X and. enhanced abumdanees sf 
61,. 

11: is presenay unhown whether MAT* MAD, or STS is the dominant fom of type 
$I PSC. mere i s  a b o a  of evidence emerging, however, that STS might be the most 
irnpo~ap1.t f237,248j. Xt should be nested, however9 thd while some debiis af the 
microphysics are incompletely undersmod, Ihe net eRects of PSCs on CI, are weal 
defiaed, mere is abundant: empidcd evidence that cal.~y time an air pami is exposed 
to kmpexlatures in the mid- 198s KeIvia a d  bellow* ehlo~ae remrsroirs in the air mass 
me conve~ed ta CZ, [249,25(dj. 

I t  shot~fd be pointed out, t h d  temFrrrtures below ~ 1 9 6  K a e  common throughout 
the: PInUrctic lower strdtosphers;. in the winter and exly spring (sm Figure T.4), As a 
resuHt, a, significant fration of GI, in &is region in the winter and spring is in the 
fom of C4. 

The Ci&P Himecr 614)QCI (also called "the CEO dimer" or ssinlply "the dimerW")ptays 
a emcia1 ro%e in the fornation of the wzonse hole, ClOOGll is f o m d  in the thee-bdy 
reweion af IS118 with i&elf: 
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Hwre 7.8 Mewused CIxIC1, and HCfg671, ratios versus dmultmeously measurd tempra- 
ture, The data were obtahd at high southem % a ~ & d e ~  in the Xc~wer stratosphere (potential 
temperatwe8 ammd 450 K, about 20 km altikde), 61nn this Bight, the masurd  temprature 
was the minimum &mpratr;an"6 the air had encountered wi&in the pevious 20 days, (After 
Kawa ee at. 12481, Figure 1 , )  

At Cl$a abundmces of 1-42 ppbv the time-scale to c;snve~ ail of the @I0 to ckjimer is 
tens of dnutes $0 several hours. ' f i e :  Clel) dimer is lost through phokaslysis wi& a l i fe- 
tin~e rangixng from tells of minutes to several hours & sol= xnith angles f SZAs) typ- 
i c d  sf the early sp~ing palm lower sltrdtosphere: 

Thema1 dwompcrsition of the dimet. i s  also an impamxat loss pathway at tempera- 
tures above 4 0 0  K: 

Pigrn~ 4.9 plots the fraction of el, in the fom sf  the dimer as a funcdoar. of tempr;~ 
ature, The sdid lines in Figwe 7.9 me for 3 ppbv of CI,. A2 a SZA of 95", the air 
parcel fine i s  in dwkness, and fornation of GllQOCi fre;lcbon ("76)) is bdanxced by 
themat decomposition (reaction (7.8)). Below a b u t  2W K, ~riaually dl of the CI, 
i s  in tke fom sf dher-  As the texxrprabre hses, thennag dwc~nnpositiona &comes 



Fiwre 73 Fzacdsn of active cbilssne C1, (GtO + 2 x CIQOCX) in Ihe forn~ 6"fOWl deter- 
mined from a stedy-state calculation. Ressurc and [MI we heid fixed at &,C hPa and 
1-67 x 10f%dscules cm 3, respectively; the temperataxre v&atio.gn SecLq o11Xy the vdues of 
the rate cons&nts. Lines are Tatteted with the SZA of cdc-ulagara (uxrEakl& lines we 5" incre- 
meats from smaunding lines).. Solid lines are for 3 ppbv sf Cil,, and the dut td  line i s  far 
f 00 pp& of 421,. Rate consants me from DeMore ef ak. [51; photolysis calctaEations are from 
the phatslysis routine from the G~ddard thrm4imensional chenricd &ansport model [28]. 

increasingly impaaxrti, and [C;lCPOG~/[CXxf decreases, kin& sudight coradjitisns 
QSZAs less &an ar equal to a b u t  90°), formation af C100C1 (retxedctn ("B6)) is 
balmced by the combinuioaa of photslysis (reacli~~a (7.7)) and elaemal decompasi- 
tion f reacticm (7 ,$)), As the sun moves bigher in the sky (i,e. to Bow@ SZAs) the rate 
of photolysis incremes rapidly and in general ddomiwates thermal Becompcssitisn, 
except when temperatures are warn (> 226) K). Far typical high-61, palm sunlit 
conditions the di~ner m&es up 

The rate sf fornation of the 6110 dimer i s  k*fCIOjl[C110], which i s  propofliond to 
the square of the CTO abundance. This causes the famation rak of the dirner to &op 
off rapidly wliU;I decxteasing C1Q) co~itce-aaZTatiom, As a resudt, the din~er is aa rxnaiim- 
po&ant component sf 421, at typic$ rnid-latil?x& &IT, aburadances, 'The daged line in 
Figure 7*9 is a ealculatiaxa at: 90° SZA far 100 pptv of C1,x3 Qpicd of the mid-latitude 
lower stratosphere. A cclmp~son. betw@en this iine and h e  90" line czalculaa 
3 ppbv of Cl, (sollid line) demonstrates the e f f ~ t  cl-E the qudratirz dependence of the 
rate of CTO dime%- formatian. At the low @I, abundance the dimer makes up only a 
few percent of el,, even at the very %ow stratospheric temperdture of f 90 K. 

n u s ,  in the polar regions CX, comprises CI, 610, md GlOOCit, with 421 being a 
negEgibXe eomparxent of GIz* Tagether, ClO and C10BCk make up the vast majo~ty 



of CI, with their relative abundances s t  by the temprawre, SZA, and total aburz- 
dance of CJ,. 

Delai$r{fie~tion and dehydration P%Cs axe composed of HMO3 and H,QT, so &eir 
fornation and gowth leads to the removal af aese species h x n  the gas phase, a 
prwess know as "deS~ficatian" and "dehydration", rea;l?ec&ively. How much of 
each of &ese spgies is removed depnds on the camposition of the PSC pmicles. 
Tyge li PSCs contain WNO, and HzO in approximately compaabEe abundances. 
Because gas phase H,O is initially about 10' times more abunhnt than HNO,, the 
growth of type 1 PSCs ern deplete HNO, while laving H,CT essentially unehmged. 
And bxause: almost dl of the NOv in the lower s&abspheGc polar vorlexr is in the 
Porn OF RHO3 [244], removal of m@ is tanbmount to removal of NO,, Thus, for- 
mation ;and growth of qpe 1 PSCs leads ta deni~ficaiticdn withoa accompanying 
deh y&ation. 

Qpe XI, P%Cs are eo~~~posed sf H,O lice, md fornation of &ese paaicjes depletes 
gag phase H20. AddidonalX;)i, it is thought that type E PSGs dso incoprate Ng), 
[25 1 ]-and therefare remuve the NO, from an air mass' Thus, fornation and @ow& 
of type 11 PSGs lead to both dehydration and dcni&ificatiane 

Memuremen& of type X. PSGs reveal ceharactekstie radii crf --.I pm [24l]. Swkl 
small pmicles have smdl s e ~ i n g  velocities, and herefwe sedimenhtis~z of hese 
pmicles is negligible, When the air parcel w s up, the m O ,  in the p~ ic l l e  is 
released back into the gas phase, In. this case, the deni&ificatioaz is only tennpora~. 
16 is possiblie, bowever, that grow& of a much sartajiflex: numt3er of' type X PSG will 
result iu lmger pmides and subsquent sedimentation of Qpe di PSCs [243], In, this 
case the HMO3 is physiclaitly remavd from the air mass, md the denitit.iificzttion is 
i~eversitble. Emeversible de.n_li~fication By t y p  X PSCs is consistent with h e  obser- 
vation of air masses &aat. have expe~enrced sipaaifiemt i~eversjible de~~itrifieatiogn but 
not dehydmtion 12521, Type IS PSCs are predict& to have eharxteristic radii of 5-20 
PI sr so 1242,2431, and so can exp~erace significant sedinlenation dufirrg their 
lifetimes, Far example, at 20 km altitude, a pafiieiie with radius of 10 p falls about 
a kilomettsr in a day 12531. As these type pmicles sediment, &ey c ~ q  H2(4 and 
NO, to lower altitudes, leading to both inreversible denitrigcation and irreversible 
dehydration of the region where the pa~icles were fomed 1252,2541" 

iag to layers of e h m c d  wakr .epapr and ogdes of nikogeaa [2SS], In ,sit& zneasure- 
men& of the Iowa stratosphere from the NASA ER-2 aircraft show that as much as 
98% of Ihe NOy m d  5&7O% at: the H,O has bee9 rernovd &om the Antarcdc Lower 
s&atasphere 1252,2561, Satellie measuremeats f254,2571 we cansis&nt with &esr= 
results, and show that this knit~fication covers viduafly the eatire vofiex. 

Fipre X I 0  shows a  me sefies af lower s&atospbe~c EmQ3 abundance, the 
dohamant component of NO, in the lower stratosphere. ma, &gins in late May at 
betwwn 7 and 13 ppbv, w i h  higher values at higher latitudes, At 6Q5S, HN03 
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F f p e  7.16) T h e  %series of HMO, abundana at several quivaleat latitudes in the high sou&- 
era kadtu&s, mS MO,  meavwelncxles (version 4) at 465 K in a aIo  equivalent latitude 
(derived &om UKMO PV) band are meraged to praducc: an average HMO3 abundmcc: for 
each day, The time sefies bas been smc~othed to reduce the day-to-day v&ability 

iacreaes thoughout the winter; i.e, there is no hiant, sf de~tfification at this latitrade. 
At 65"5, NNO, dmreases by &out 20% between May and September, suggesting 
slight detitfification. At higher latikxdes there is a pronounced drop in m O ,  staa- 
ing in the fimt few days of June, At "a05, about two-eXlirds of the HPIIIO? has k e n  
~muvedl  by the end sf Ju~ae- At 80°5, vi&ually a14 of &e HNO, has removed from 
the gas phase by the end sf June. There is little cha~~ge in August and Sep(c=mber- 
Pagicle: extinction mencruremermts as wefl as in sifu dab 12521 indieate that the NO, 
is not simply sequestered in p&iclles but has been i~eversibly removed from the 
lower stratosphere* Also, note that air in the polar vo-x is descending dufing &c 
irate fall and e d y  winter (sw Figwe 7,7), Because the abur~dmce: of NN8, (and 
NO,) increases wi& aftilude in the polar lower sfratosphere, sueh dcsmrat brirligs 
down air with Kgher vdues of HNed3, This expl~n" for example, the increase in 
HMO, seen at 6OQS, Descent cmnot theref'ore explain the rapid decrease in 
shown in Figure 7-10. 

Why i s  denitG6catian ianpo~ant? It txxrns out that NO, can reverse cl-tJarine =ti- 

vation. If m O ,  it; present, then reactions (4.46) md (4"47), 



prodiuce NOx, which cm  then react with CIO (~eactioa (4, lo)), 

leading to canversion of GI, into GIGBMO,. I-rowever, fhe removal of NOy horn the air 
mass though sdinnenbtion of MOy-hch PSCs shuts aff&is deactivatim pathway and 
duXlo\vs C1, ahodances to remain Egh far a longer pfid than withorut, denitrifieadon. 

'The net result of PSG processing ;And d e ~ i @ i f i c a t i  i s  enhmced 65, abuncfances 
inside the va&ex (Figure 7.1 t) for a slxs&in-gled Iengh of time, At 465 K (-20 km), 
CIO in the chemically p d u r k d  regions of the vofiex averages ahrat 1700 pptv, 

Fipm 7,11 CleZ &urxdmce versus qu ivde~ i t  Latimde om the 465,565, and 665 K potential 
temperature slarfxe on September 15, 1992- Dots are ixadividud & y ~ t n e  measurements of 
CtQ by the U M S  M U  (version La), ia?&vda&d to the& su&de:e:s using 19WC-d temperatures 
f2594, The quivalent: Ia~tt~de ax& vofiex: edge are de~ved from U M Q  PV, The v e ~ c d  line 
denotes the edge of the vodex. Much of the scatm in the data, a d  esp&eidIy tke neBtive 
vdues of ClO, we due to precision unce-inty h the m S  CXO measwemenh [2CB,261]. 



wKle GlO near the edge and outside of the vo&ex is &~PS af pptv, If the C1Q dimer 
makes up -5&@% of CX,, then the tot& reactive chlorine el, abandmce in the 
vomx is -2tPW-34W pptv* In other wordsp ~8&I00% of the 61, has k n  eonyefled 
to 911, in the che~caUy  pe&wkb regiow of h e  vo&x, At 565 K (-2.4 hn), vomx 
ClGt abundance$ are, lower, Noting &at the Cl0 Siimer should also m&e a smaller 
eon~buGon at &is Ieve2, we conclude that less CI, has &en eonvefid to Cl,. mis is 
consistent with warmer temperatures (less PSC processing and denitrigcation) and 
kgher photrslysis rates (1Fas&r NO, production rates) w i a ~  ixa~resing al~tude, At. 665 
K ("2 7 1 ,  there in; evidence of only a sii&t enha~cerne~~t of elx irrside the voaex 
compared to mid-htitudes, Aircraft measurements in&cate that CHO is dsa enkmced 
k l o w  465 K [2SS]. 

kt  can be seen in f ipre 7.1 1 that the edge of &e high-C10 region is not eainci- 
dent with the edge of the vaeex- mis shou94jt not. be suqfisiag: the vsdex is defined 
by &e meteorological field [219], while the region af high 610 is deternine4 by cold 
tempramres. While these two gesplkrysical paramekrs are physically related, thme 
is no =ason that the voaex, as defined by PV, will exacf;ly overlap the region eon- 
bining PSC-prcxessed high-Cl, air. Because of tKs, resemchers will somehes 
define a ckremiedlty pe~urbed region to be that region of &e vo&ex culnQining PSC- 
P ~ ~ C C S S ~  air. 

As will be discussed kdter, the late winter a d  earIy s p ~ n g  is the c~ticali time 
p e ~ o d  for the fom~ation of the ozone hole, Fipre ?,I2 shows a hnme s e ~ e s  sf vor- 
tex-averaged 1ower-s&%tospheric C2, abunddnce in the: Antmctic vofiex during t l ~ s  

Figwe 2,12 Time selrjies of average C1, abundance at 465 K gotentid temperatare for 1992, 
1893, and 1994 in the: Anbrctic pol= vc~fiex, el, i s  de~ved from day the  UARS M U  C10 
data (vrc?ssiun 43 assuming plrotmbemical sterzc$y s&te, (After Wu md Desslea 12621.) 



we, Averaging over the entire vo&ex, C1, is -2.4 ppbv* wia  little v&atissz ~ o u g h -  
out this time, 

It should be noted &at even in h n e  a-nrd early July* 610 measurements show that 
X)S@ processing has adivated a significant faction of G&. c @I, is eXem&d at M s  
tilne, lisle of &e vo&ex i s  expos& l;c, sunlight at this time of the yea* so chemical 
d8ss of @ is negEgible. 

Tbme are few measuremen& of bramhe slpe~ies in h e  h t w c f c  pcdlw voeex. 
Takirrg measurements from the kc t ic  [263] a guide, it is Itaely that B f l  is --.I8 
ppw t h ~ ~ ~ g b o ~ r  the suinlXit Antarctic p l a  vox"hex. 

An a ~ i ~ i e :  caa Mount Erebus be sgpplyirzg cFehc"rr"m to the Ay;lkarct"ic ~kratosphere? 

Mount Erebus is an wtive wlcmo an Ross Island in Anmctica Xn 1991 the vfjlcano 
pumped 13.3 Gg of HCl inb the Antarcdc aoposphere 12641, & has beea speculated 
that chlorine from Mount Erebus ~ g h t  be a sigl-3lifiemt con~butor to strakor;ljhe~c 
cbloriane, Could cBJ&ne from MCIUP~~ Erebus be mabng it into &e Aaztmctic s&ate 
sphere, where it could be eon&ibuting to the f o m a ~ o n  sf  the ozom hale? 

Almost certainly not, First;, the budget af s&atospbe~c chio~ne is well bdmcd:  
the 1E"omation sf inorgcanic ch4okae closely matches the desmctioa of CFCS and 
xne&yl ehlo~de, Any ad&tianal source of s&atosphehc Cl, would have ta be s m E  
(kss than a few prcernt of: t3,). Sconrl, the mem otremming ckculaGon featwes 
air rising over the tmpics and descending at kigh latitudes. Air descends from the 
s&atosphere to &e troposphere over AnWctica; air in the Anmdie tmposphere is 
not ascending into the stratosphere. 
1 should. be nded that Mount Erebusk@urretf remain in the &opospl~ere because 

the emptianr is not energetic, Rnergedc: emptians, sexeb as &at of Mount Pimzatubo in 
1992, e m  injwk their emuen& well. into the mid-s&alosphere, Such empfions can 
siaficantlly peaurb the ehe~s t sy  of the s&atasphere (e.g. see aapaer 6)* 

7.1.4 Odd 8ygcn  lorn 

Under the kgIh-Cf, conditions of the Arrmctic pol= va&ex, Q is desboyed &rough 
two catalytic e:ycles. me: most hpomnt me i s  based an f ie  C1O-her moleeuie f 2651: 



The rate-llimiting step of this c ~ f i e  i s  the phatarlysis af h e  ClO dimerr n u s ,  the mte 
of 0, loss fro~n elpis cycle is DC,,,,,[C100Cl4. As we nnea~oneb emfier, themd 
deeomp~)si~on of CBOOC1 is negligible at the cold kmpe-ramres found in the 
Antarctic pala iuro~ex, As a rresult, the formadan sate of the diaraer (the self-reacticpn 
of CIQ, reaction (X6)) is equal to the phot~slysis rate of the dimer (reaction (7,3)), 
One can therefore approxima& the ratti: of Qi, lass due to this cycle as twice the rate 
of fornation of the dimer f2k*,Io+c,,[C10~~). In the w Arcdc, Ilixermal &worn- 
position e m  be impaseanfi, and &erefore this ap~~$~c~xima&osa is Xess vdid, 

'l%e second in~po&mt catalytic cycle is the C j l S B a  cycle disclil~~ed in Chapter 
3 (cycles (3.23) and (3-24)). Finally, the CJ8-0 cycIe (cycle (3.16)) also esm~butes. 

Ba is cmcid to ree 
destmy OX, For the CI: es cycle ("391, it Is obvious why it dws not mn in dmk- 
aess: one of the ste ycle is the photoXysis of CIQWX, which ceaes wi&- 
out sunlight, The CIO-BrC) cycles (cycles (3.23) and (3.24)) wage because 610 is 
greatly reduced at night because 111ost of GI, is tied up in ClOWl, md B f l  is 
depleted through reaction with any remaining CliO to fom BrCl, which is stable at 
night, Finality; the C1 c ~ l e  (cycle (3.16)) rJlQes not run because, at night, the 
abus~dance of CfO is low and the cabun&nee of Cs i s  zero. 

Figwe 7.1 3 shows the Ox loss per day in the lower skatosphere d u ~ n g  the last 
 man^ of winter. The Ox loss per" day is relatively small in the middle of Aumst, 

E p r e  7.13 h m c t i c  voaex-averaged daity 0, Boss per day versus day of the yea* 
Calculated as the: sum of the rates of the GIO-CIO and 61GBrQ catalydc cycks, ushg 
UARS K S  el6 xneasurements (versicm 4) ;urd a3suming LBmJ -. 12 wtv. 'This sum is 
&just& upward by 5% to account for other qcles, such as CIO + 0. (Adtnpted from Wu m d  
Dessler 1262J.) 



irzcr=sirag rapidly though the end of August and the first half sf September. k7rom 
Fipre 7-12 we see && dafii~ne average CI, is appro~mateiiy coastant d e n g  &is 
time, so changes in 61, abundance cannot explain the increme in Q lass per day dur- 
ing &is time- Instead, it is the rapidly fising aumber of hours of sunlight per day 
derfing this time pe~ad ,  from about 5 h of sunljight per day in mid-Aumst to nearly 
12 ti in mid-Segkmber (Figure 7.14) that causes the: increase, As previously 
mexkl-;icmed, the caaiiytir: cycles &at des&oy pXm 6, rquire suasli&t to operate7 so 
we expect the 10, Zsss per day to be propo~iomal to the number sf fxstlas of smiight 
per day- 

At rhe same time that the days we lengthening the avemge SZA i s  also 
decwssirsg pigwe 7. f 4-1, ledling to iinmeased pbowjysis frqueracies. The incremed 
phatolysis kqueneies dhve the photocbexnist~ hster* again leading to eahmcd 
0, loss. mis eEwk is ,  bowever$ less inuzpoflmf thm the &creasing Zeng& at' day. 

Because of the rapid inereaqe iia the Qx loss per (;1;-sy dueng the last: month of win- 
ter anid first month of sp~rxg, most of the rO, des&oyed in the famation af the ozone 
;tilob is &s&ayed between mid-September and euly October, meref~rrg;, in order to 
destroy eramgh Il), to fom an ozone ht~le, elx must remain enhanced well into the 
first k w  weeh of sprhg, This CPCG~WS in he  Antarctic, but: as we will discuss lakr in 
&is ehqter, 64 in the k c g c  i% generdfy not; 2negvated past the end 0f winker md, as 
;a resu81, rota1 69, Xsss is much smaller" 

rnm cycle desboy?; about two-thirds of the 8, lost ill the An&rcdc. me 
ClO-BrrB cycle dcs&oys most of &e remainder, with the Cia-0 cycle c o n ~ b u t i n g  
a few prcea-lt of the loss. 

R-m 7.24 Hours af diqlight: per &y (defined as hour8 per day with %ZA < 90") and 
average dsefiime SZA {dlllydme i s  degnd as SZA .2: 90") versus day number, Cakulaed far 
a p a ~ l  Ewatcsll at TOa$, wrhicfl is &pic4 of the A P I ~ ~ C ~ C  palm v~g%ex* 



ln Figure 7.15, we plot vafiex-average 0, at several Ievels in the lower md ~ d -  
stratosphere. The vast majority of Ox loss wcurs k t w w n  mid-August an6 mid- 
September, the time p ~ o d  featu~ng both high CB, (see Figure "1 $12) md Iong perids 
of stlnKght (see Figure 7.14), At 465 K, abut two-thkds of the Ox in the T I O & ~ X  i s  
lost d u ~ n g  the last monttn sf winter. At higher altitudes the loss becomes pragres- 
sliveBy smaller9 consistent wi& loww values of CI, (see Figare 7.1 I), The incre;xse in 
6, betwwrs the end of September md the beginning af November is likely due to the 
~ e a k e ~ ~ g  of the pola vo&ex by hsing polar temperatures, followed by ha~zonhb 
Wdnspoe dalF ozone-fieh air from ~d-latitudes to the high latiwdes- 

Another dramatic view of the &emedge of Anhrctic 0, i s  shown in Figwe "916. 
Dha~ng tbe month of Sepkmber vieuajly all of the 0, between 111 and 22 km i s  
des&oyed, 0, abve 4 3  km, where the Cj0 abu~tlmce is much lower, is trama@wted* 
Br has bwn verified that models using redistic values af cb2imine aad bramine can 
accurately reprodurn such rapid loss 12621. 
h is i m p a ~ m t  to point out that the obsemed changes in lower starabsphe~c p la r  

OX cannot he caiaased by the transpasrt in& that region of low-Q a k  Fkst, as we 
mentioned before, calculations 1224 f suggest that ve&ig;aX mation of air in the v0rC.e~ 

Figure 7.25 %me series of O3 abuzadance an thee potentid tempratwe surfaces. E a h  point 
i s  one b y  of UARS m S  0, data (version 4, 205 GHz) averageel over rfie Anmctic polar 
voaex, dafind using the Nash el al, h219j ajgofithrre lwzd PV from the U m O  acssi&ladon 
system. 



Figurn "d",ll& 8, profiles lnemured in the Anact-ic voaex dufing Sepkmkr 1998 by the 
Pam aB linstm~nenr, fJ, D. Lump, prsanal e 

has essenkialafly stopped by the late wintesIeas1y spring p e ~ a d  (see Figure 7.7)), so ver- 
tied &msp01?: i s  negligible, And c ~ k - l a ; ~  malyses suggest &at ho~zantal transport into 
md out of the v o e x  is strc>ngliy suppessed by the poXm ni&t jet 12 87,222,2601. As 
a result, it is generdly a g ~ d  that changes in the abunclmce of 0, in the Anarctic 
goliar voaex dtu~flig the fornation of the ozone hole ~ s e  almost entirely from 
chemicsrt Zsss. 

FinaBy? for compFetcness WE: note &at prducdo11 of rO, is ex&emeZy slow in this 
region, WbiJe the phstofysis of 0, caa occur by the absoq~on sf photons with wave- 
leragths as long as 242 am, mast of the pbutolysis wews from abso~ t i an  of photons 
with waveleagas af 208 xm or less. ms lEXux of these @owns falls off rapicSly as 
the Sun moves to higher SZAs, and as a result J,, is negligible in the polar lower 
s&a;rcasphere &fing the p e ~ o d  of rapid 0, 10s~- 

At the saane time &at Oa is being destroyed by $11,- and SQ-mediated c a a l y ~ c  
cycles, Clx is akso k ing  conve&& b x k  into ely resemok spmies in a prwess knowst. 
as deactivationr, Deactivats'sn occws p~raaafily &rou& two processes, As NO, is pro- 
duced from des&uctian of (reactions (4.46) a~ld 64-47)], it reacts to rrc;fom 
CtOMr>., (reac~on (4.1 0)): 



Second, the reaction between C3 and 6H4 foms HCl (reacdon (4.1 1)): 

Undter nonpolar conditions, fonmtiort of NO, from WO:, destmetion and the sub- 
squene fomdtian of GIONeD, would rapidXy deplete Cli, on a tjisxre-scale of a week 

and HCI wou1d then be re-established sn time-scales of several wwks, 
In the %ow-NO,, low-0, envircjnment aE the Antarctic loww stratasphere, hc>wever, 

produedon of HCX from 611, is much faster than ulnder nonpatar can&tisns for two 
remsxrs, First, the eanversiaxn of 61 to el0 Wouglm sez~arp with 0, freaction (4.8)) 
is sfowed dile tc. low abun&&nce~. Se-conb, the reaction sehen~e 

provides an efficient mechanism to convefi CZ;Q to 611. The result is a ~ g b  [CI]I[C1,] 
ratio, and consequendy tz eonvezsim of GI, to HCl it;e a rate s f  several tenths of a pa& 
per billion by vofume per day [267,2681. 0&er resemeh has psinkd out that the 
reaction between OW and el0 to produce HCl dreac~onQ.4.13)) ~ g h t  dso be impor- 
tant /268], Combined with the slow forniltion of CfONO, due to the low abundance 
of NO,  (and therefore the slow Eczrmatim rate of NO,), the formation of HCl doari- 
nabs the fornation of C199N02. 

It should be noted that deactivation is going an continuously tlhrougkaout the 
winter and spring, E-lowever, during the Antarctie winter and early spriag the 
temperatures are sufiiciently cold sat PSG processing recurs frequenlilly epzr~ugh tct 
reverse any deactivation and prevent a sigkficant build-up of the reservoirs of HC1 
md CIWB,. As a t.esuLt, a hig11 fCL,]1[43'1,l r&tlio is maintaint& in the psla lower 
strdtasphere. At some point r$u~ng the sprhg, ha~vever~ the Antactic vo&ex 
kts wmmed sufficiently that PS17 forma~an ceases. 'Thereaer, Cl, dwreases as it 
is conveged back to the CX, resemoir spcies. As the pojm vortex break% up and 
HfSrO, mixes into the regiw, its photofysis produces NO,, and tbe equilibrium 
between He1 and GlONB, is re-esbblished on a time-scale of weeh. The &%line 
in CZ, and t-lrre refon~atlon of HCI and ClON0, signals the end sf 0, loss due to 
p l m  chemisq. 

The tilazing of the deachvatioer of elx is a crncial factasr in detemining how much 
polar CD, is desliroyed by chXo~ne cheaa4istx:y. As discussed previousXy9 the a~xount of 

deseoyezrd during n day is a funcL;ron of b & h  the CIA abundance nad the amount sf 
sunlight the vo~ex  is exposed to. BeacGva~on of G& in the late wirafer, il$ier the 



vofiex bas ken  expos& to relatively little sudight, would result in comparatively 
IiaIe 0, loss there. In. the hmct ic ,  however, 61% remains, Itdi& for several weeks into 
the spdng, so the figh-C2, air expeGences mmy haumrs of sungght evev &ye This 
aBows the desmcdonr of v h a u y  all of the 8, in the pol= kower skatosphere ax~d 

tisn of an ozone hale. 
Meteorols@cal v&ability means that the Antmctic vogex i s  wmn~er in some 

yews %m  hers Ce-g. sw WMB j131, Figwe 3-31? s%ld exacdy haw far into the 
spriixmg PSCs occur shows ilmterannua1 vmiabilit.gr. Far amp le ,  Figures 7.1 md 7.2 
show that ozone hole d ~ n g  the relatively w yem 1988 was hoteht smaller and had 
higher mhimum ozone &an the ozone holes of the colder yeas  1987 and 1989. 

7.2 The Arctie 

To a good appro;k;irmation &e E ~ h  is s y m m e ~ c  a b u t  the Equator. One might &ere- 
fore expect the meeha~sms &at create the hbrckic ozane hole to create an ando- 
gous kctic ozone hole, Figure 7.14 shows akYerage ~Mmekr high-latitude noahem 
hemisphere mllumn a3. While  ere is a elear downward trend, wi& 11997 ~64Xuzm 
ozone ~ 3 0 %  less thm 1971-1972, a comp~san  Setweern Fi~rea;  7.2 and 7-17 
shows that the ozone loss in the no~%h is less severe &an in the southern iirenGsphere 
(note &at ddigerent qumtities are plotted in these ggures). It should also be painted 

Figurn P9,%"10Iumsx ozone a~~eragd  ketwwn 63"N and 90"N obsewd in Mach versus yea. 
(After Newanan ee al 12"904. Egure I.) The solid line i s  global average &opasphehe PIS. 
(cCrCI3F) ahndmce (ppev) (froxn NQAA C m L ) .  



out that &eg.c: are significantly highex vAues of' column, 0, in tbe laadhem  he^- 
sphere in Mwch than in the southem %ne&sphere in Qctaber, Figure 7.2 shows that 
in the 1960s m d  ea3y 197Cbs, Qef~re the fom&iora af the Anmcde omp%e hole9 
Qpical high-latitude southern hemisphere column 8, was 30&358 DU, while 
ct3mparab1e nofibern hemisphere va!ues were 45&5@ De?. 

The annual lass of OX in the late winter and ear1y spring in the Arcde is due ito the 
same mechanisms that create the Axawct'rc ozone hole, T%ere me, hawever, impsz- 
&nt r4ifferences &tween the two hedspkneres, and it is these differences that are 
responsible for less severe 8, Xsss in the nofibem hedsglmere. 

The cooling of the lower and mid-s&atosphere elufirrg the poEa night causes a 
nofihem hemisphere polar vafiex 60 be see up just as one is set up in the southem 
he~sphere  [I 86,2711, However; as mention4 in Chapter 5, &ere me impaWant 
diEereaaces in the cix-cuXlatisn sf the hemispheres due to diEerexa@es in the plizrcement 
of the e62xatinea"lfir; in the two hemispheres, A resultt: sf these BiBerences is that the 
palas varlex in the r~r>dhem hemisphere is smalZer and warmer thm ids coiclintevaa 
in, the scau&errr hemisfiere. Figure 7,18 shows thc; area cover& by the L 95 md 
189 K contours in the northern ps3w vmex dufing the 1992-1993 winter (area 

Day No. of 1 1993 
-50 50 1 50 

Fliwm XI8 Prrea cover& by temperaares less fhml 195 md 183 R at 465 K pc~tendal 
temprature ( 4 0  b) in the ~lofie~n, hemisphere, Ternpratures me from the l J M Q a  
ssimiXat.ion systexn, 



covered by the 185 K contous is negligible). Compdson with F i ~ r e  7.4 shows &at 
the chlorine ;liedva~on (.-.I95 K) and ice-water &ost- pint  (-4 89 K) tkesholds cover 
a far sma31m mea in the noahem t11an in the southern hemisglaere, 

AdditiiolaalIy, mete~rolagical condihrsns of the Arcds: edibit signil-icmt yem-to- 
y e a  v~abit l iw [2?2-274). ms vwiabsity i s  far greater in most vomrc, met~c+ 
size, kmperature, wind sped at vorlex dge, elc.-than i s  seen ia B c  southern 
he&sfslaere- 

The descent of air in the noahen1 p a l a  vmex is plotted in Figure 7-19. 
Compafison with Figure 7,"9shows &at heal descent during the winter and eargy 

Msv Dec Jan 

Fimm 7,19 iEbarentiaX temperature vmws time: for air paeels initializd a v & ~ u s  polenlid 
temperatures in the Arctic psla  vo&ex in 1988-1989, The lines show the wolutjon of 
potential kmperamrc: of individuat pxmls. (After Roseinfidd el ak, l224J.r 



spriazg is ~nuch geater in the acxaern polar vo@ex than in tbe southern pola voaex, 
T ~ s  is consistent with higher vofiex ternperawres and therefore high= mtes of 
rsadia~w co01fjt1g in the n o ~ h .  Of sgsial itrzlerest is the fact t h t  desee& in the vor- 
tex occurs ~ ~ u g h ~ ~ e  the noahem he~sphere  winter and into spring. 11% the south- 
ern hemisphere, descent has essentially stopped by mid-wink%, As we will discuss 
later in this chapter9 this makes it much Inore difAcuJf. to quantiEy 0, loss i~ the 
axoflhem polar vofiex, 

7.2.2 Polar processing 

PoEar f~1~"atosphri~ cko%crdb:r Temperatwes b low  the 196 K chlofine aclivatian tkesh- 
old, occur evev year in the Arctic, leadiag to eMariine activation throughout the pofa 
vo-x 1249,2753. The time pfiurf aver which these temperatures exist, however, is 
generally sho&er than in i_ne southem he~sphe re  (eomga-re Figmes 7-18 and 7,4). 

Denifr@cation The cold tetempramres of the winfx:&ime nodern p l ~  vcdflcex lead 
to d e ~ ~ f i c a t i c m  [252,%551, just as hey ds in the sora~em kze~sphere. However, the 
Warner temwratures of the nofibem. he~sphere  vofiex result in -@a less Cff=~&ifi- 
cation than in the southern hemisgalrere, Fipre 7-20 shows a time s e ~ e s  of mQ, 

Jan, 1 
i 
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Figram 7,20 Time s e ~ e s  0% HHQ, abundance at several equivalent latitudes in the high nafih- 
em latitudes. ML3 HHQ, measurements (version 4) at 465 # in a &I"  equivalent latitude 
( d e ~ v d  Prom UKMO PV) band me average-d to prodt~ce an average m0, abltradmce: for 
each day- The dme series has bee63 smoothed to reduce the day-to-day vaiiability. 



abunddt~~ce, the daminant component of NO, in the lower s&atosphe, mere is litae 
change of Iower-s&ataspheric HNQ3 &raugZt the winter. Compa~son wi& Figure 
7,110, the compwabte flat far the southern hemispheire, shows the dramatie &Ber- 
ence beween the: hemispheres. 

7.2-3 Chlorine activafio~k in the Arctic 

The presezlce of temperatures below the chl~Gaxe ac~vaz-;zcon theshold (-196 K, see 
Fimre 7.1 81 suggests that CJ, in the Arctic shsurX$ be enhmced; in other words, the 
abuadmce af CI, should be much higher ~ a o  i ts  nor~nal abundance of a few tens of 
pafls per r l I i o ~  by vailume. Figme 721 shows that this is i n k d  the cage, 

Also shown in Figure '7.221 is CE, in the AnWctic plm voaex. AS one can see, Cil, 
in the Antactic is generally taiiglaa throughout h i s   me PCGBQ. The diEerence 
between the two f.t.enGspl.lleres can be agributed to two factors, bath related to the 

peraltazres in the h c t i e  psi= vo&ex, First, temperatures x~~eaxk 
less iaeversible denit6ficafion in the kctic, stzlt, abundanees of 

WHO, are ~g&tr=s in the A r c t ,  and &is in ~UIII? leads to a prc>poflianalel;y: higher 
prdcretian mte af NOx from HNQ, desh-uction, mis NC), r e i f ~ t ~  with @10 to fc~nn 
CilONgl),. In coancea with pmduetion of HCf, this leads to sr much faster dewtivation 
af C4 in the Arctie than irx the Antarc~c [267,2691. Second, the w 

Fig&= 7.22 Tin~e series af average C1, abundmce at 465 K pteratid itempperatttre for 1B2, 
1993, andl 11994 in the Arctic pHar voaex, sad for 2 992 in the Pkntm~tiiie vortex (day sf the yea  
i s  sEfCed by 6 manths.rs), G1, is &x îved from daytime UARS W S  ClO data (vemion 4) assum- 
h g  p h t a c h e ~ ~ e d  ~tmdy-state. (After Wu a d  Dessler [fl?bZ].) 



in the kc t ic  rneaI1 &at less frequent PSC processing, a d  therefore less clhlo~ne 
acdvdtion, mcax.rs d u ~ a g  the Arctic wintera and slops esdier in the year* l;"hi211 in the 
Anitaretic. 

The upsbr>t sf this is &at, in the Arctic, the rate of chlo~ne activatim is lower and 
the mate of chlorine deativatioxl is fabaer rknaa in the Anpactice ' n i s  leads to gener- 
ally lr3wex abexndances sf CIA in the nofibel.m hemisphere, as shown in Figrlre 7*121. 

It is also notewoehy that the interannual variability of Ck, abundance i s  higher 
in the no& than in the south, kt &e PbE1tarctic the temperatures are SO far below 
the PSC-processing threshold tempwarnre of 196 K that iineraanuall v~ab i l i t y  in 
the Antarctic voaex tempemtures has little eRwt on the amount of P%G processing 
and, thmefore, on the abun&nct= of 61,. Cc~nsequently, GI, shows little yem-to- 
year vafiabi1it-y (see Figure 7.12). XIP the kctic, however9 the temperatures are 
much closer to the PSC-processing threshold. As a result, a variabiliv of a few 
degrws em have zl &amatic: e1Fh:eet an the amrant of air exposed rts tempratuses 
b l o w  -+I96 K. This leads la significaaf year-$<)-yea vb~abikity ~ I I  the abundance 
of 421, in the Arctic (Fipre 7.2Z). As we wig1 see, this year-to-yea va~abiltity in 
the abt~ndance sf Cli, leads to significant year-to-yea va~nbility in the loss of 0, 
E276j. 

Figure 7-22 shows &), toss pr calculated for the 118fihern hemisphere V B ~ X  ~ U F -  

ing the ]ask manth of winter. Cclrsmp&son with Figure 4.13 re-vetds trauch lower 0, 
loss k"idtes in the Arctie than the Pmtmetic, me mount of sunlight the polar regions 
receive is ctdmpwable, SO the difference in C-), loss rates can be aImo& hxlly aMb- 
aged to diBereaces in 61x, 

The rate of the CB8-dimem lass cycle scales app~aximately 8s [G10]" while the 
rate of the CIGBrB loss cycle: is Xinear in [C101, Thus, at the lower @I, aburadarmces 
of the Airede the @ I 0  darner cycle makes up about hdf of the total Boss, compaed to 
about two-thirds in the Anmetic, In both he~spheres  h-hc: (C31WBfl cycle makes lap 
most af the remainder, with the ClO-0 cycle making up a few percent. 

In Figure 7-23 we pt at voaex-average: 8, an sevenxi potenfiial temperature sdaecs 
in the lower and mid-stratosphere, Unlike the Axltmctic (see Hiare 7- 151, k c t k  C), 
shows linle clannge dudng the late winter and early spring. mis might seem puzzling 
because we have shown that 0, is being lust during this pe~od ,  The answer is that 
sigaaibficant transporg sf 0,-rich a k  into the vo&ex i s  also wcufing, and the n d  ~l-esult 
of these two processes is &at. there was little change in vsfiex; 8, in this yeas. 

To c)emonseS:ate the impoflance of this rrmspoe, in Figure 7.24 we plat a calcula- 
tion of the evdution 06 vofiex-averaged Iowa strarssphe~c QA in the absence ctlE 
e h e ~ ~ a 1  Ox 2 0 ~ s -  Im this case, all changes in 0, in the lower -rtr;rlrtsphere are due to 
transpoa (sokd 1inaeM.g. if behaved like a passive tracer. m i s  cal~ulatio)~~ shows 
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Figulre 7.22 Arctic vmtex-averaged M y  0, loss pet day versus day of the year: Values were 
calculated as the sums of the rates of the CZ XO afid CEO-BlrlS catdyeie cycles, using 
U M S  m S  GI0 n~easuremeats (vessiozf 4) and assuming [BrOJ = 12 pptv. T&s gun1 is 
adjusted upwad by 5% to account for other cydes. such as G I 8  -6. Q. (Adaped froan Wu and 
Dess1er f 2621,) 

Fimre 7*23 Time s e ~ e s  of Q, abundmce on b e e  p t e a ~ n l  temprature swfaces, EwA point 
i s  one day of UAM MLS 0, data (versim 4,285 GHz) averaged over the kc t i c  gdw asor- 
tex. The bcbura6fa~ of lihe h m c e c  polas vo~%ex Is demmined &om the razer;E.lod of Mash eet al. 
12 195 ushg U r n 0  PV. 



Fai~re 7.24 Vogex-averaged chemical 0, loss (~mgles)  estimated as the diEerence h t w w n  
the obswed azom @lack circles) and the ozone caIcralatPd using &anspa@ donis (line), for 
30 day pesisds in B"elbP.ajary andl Mach of the (a) 1933-6994 and @) 1995-2996 Arctic 
wintern. Observations md calculations perfom& at 465 K (-20 km). (Adapted from Maoney 
et al, [276,277] ,) 



ky because descent sf aim: in the gola wr- 
downward. Also plated (circles) are the 

obsewed Gb, changes over the same pe&od, The diEesence between the passive-Water 
calculation and the obxewed e), is an estimate of &tkc~caI loss of 0, (diamonds). Bn 
f 994 (Figure 7.24&), descent of OX-~ch air eancds most sf the $oh1 chemical Ox loss, 
The net ~ s u t t  is that vo~ex-averaged lower-stratosphe~c ozone remains fairly 
eons-t despite estimated chemicd lolass of 4 - 4  pp~nv of 0,. In conl&;ast, in 1996 
(Figure 7.Mb) there was less trarrrspofi of @-rich lair from above as well as 
sig~ficantly gseakr e h e ~ c a l  loss, The n d  result is a large decrease in lower- 
stratospheric a,, Chemical loss 8aad transpod of Ox in the k c t i c  generdly fall 
betwmn &ese two ex&eme cases. 

It turns out &at the two processes &at can eonkol0, in the nofiem hemisphere 
lower stratosphere-ekaennistry and banspod-are not independent, As air 

ed koaaglra compressional; heating. Thus, years wi& significant 

Oxware asscaciatd with a polar kower stratosphere. Wsma=r temperamres 
mem less PSC prmessing and therefore less loss tjllara in a colder voaex, The 
s&ong vedical descent is also assrsciatd w i h  ed~anced horizontal transpofl s f  air 
into the Bower sgatosphere &om gunid-Xadtudes, The s&ong descent ease is exem- 
plified in 1994 (Figure 7*24a), st. year in wkch there was little chemical 108s of Ox 
and s i g ~ f i c a ~ t  t rmspa of 0, from above. The net resillit was only small; changes 
in observed 0,. 

We& descent, on the other hand, iti; associated witkt little cumpressianal warming 
and therefore colder tempratures in the polar lower stratosphere. These eald tem- 
peratures supgsa enhanced PSC processing and mare O,, loss- 'be  weak descent also 
implies a small amcjunt of tralilspofi of 0,-slicb air into the lower st~atc~sphere from 
above, me we&-descent erne i s  exempaifid in 2996 (Figure 7.24b), a yeas in which 
there was significant chenGeal. loss sf' 8, and liWle transpa of 0, &om above, The 
Anmctic pdar voaex can be considered the extreme i i d t  of &e weak descent case: 
d ~ a g  the maximum ozone lass period in be  Antwcrtjic, ver&ieal descent has essen- 
dally stoppd and tenxperatures are nearly at rd&ative qrrilibhum, PSG activity is 
co~~sequer~tly vvidesgred and the cQ,-loss rate is high, 

As suggies&d by &is last discussion, the meteor-ologicaf ccmditic~nls of the Arctic 
e&ibit signigcmt yea-80-yem vminb6Bit.y [272-274]* This vafiabiligy i s  sig~ficarnrly 
greakr in most V O ~ ~ X  ruaetdcesize, temperature, wind s p d  at V O ~ C X  edge, e&.---- 
tkaa12 is seela in the southern Iremiispil71ere. AdditrEsnalLby, the temperatures in the nofib- 
em hemisphere pfa lower stratosphere tend to be near the 8 96 K chlorine acdvation 
temperdare &resho1d, Thus, nomaj jid~ations in temperamre of just a few degrees 
can s;;ignificantly change the amstint sf the vo&ex that is exposed to temperatures 
belc3w the chleprke activation threshold, This leds  to significmt interannud v ~ -  
ability in the mount cltf 0, lost (as shown, for erzmpXe, in figure 734 and by 
Mam~ey et ad, 12761)- 



1, Galcul& the abundance sE: 
I given a fixed mount of C&. Assume steady-sate pmitioning 'Isc-lween 

and Ci08CT and thd  the only impo&ant reactions are CBQ+G110 
CXQBCI and @otc~Xysis of CIWCJI, Calculate the solution in terns sf k*,,,,,, 
Jc-imIq md fClzj. 

(Its) Cl atoms for &is same case. Assume st-r=ady-sm&e p w t i a ~ n g  axnong GI, species 
and sat the ody impoaant re;rctio~~s are photc~Jiysis of ClWCli to produce mo 
CS atoms and Ct + 8, to produce 4210. Caiculak the solution in terns of 
[CIOOCll, 10,1, and kc,,,,3. 

Combine your mswer fism part (a) to: 
(6) determine [GI 1 as a function af [CI,], 

2, Even u~~der favombXe conditions the rate of loss of CIQINO, in heterogeneous 
reactionti is not much fwter &an ~e rate at which ClQMO, is destroyed in 
photolysis, my, then, d c ~ s  heterogeneous Isss xtivate chlorine, while photolysli~ 
does not? 

3, Potar processing. 
Ca) If the phstolysis rate of HNO, i s  1/(30 days) and there are no sources of mO, ,  

wiee m expression for the abundance of MNO, as a fanedon aC time. Assume 
the iaitjali abundance of HNB, i s  10 pplov. 

(b) If alX af the NO, produced in. l{N(Ck, photglrlysis ccrznbiines with ClO to form 
C18N81,, use the answer to  pa^ (a) to write an expressigr~ for d[CX,]ld~, 

(c) Integrate this equation to determine GI, as a function of time, Assume the Cix 
abunhnce at I .= 0 is 3 ppbv, 

(d) Assume tkat this air m a s  encounters PSCs evev 5 days. m e n  the air mass bit3 
a PSC, GI, and HNO, ab~nndmces re$;um to their initial values of 3 md 10 ppb"~, 
resptively. m a t  is the averdge value of  

be) Now assume the air i s  denitdfid, ss  &%re initial clbeanhnce of WN8, is 1 ppbv, 
In this case, what is the average value of 421, abundance? 

(4") Exp2Gsa haw this helps explain the diffe~xlg amounts of 0, 'lost in the nofihem 
and southem hemispheres. 

41, The Ct, continuity equati~xx, 
&a) WGk the full continuiQ equation for @),. 
Ib) Which terns are impofl6mt d ~ n g  August and September in the Aamctic poiar 

voacx "?; 

(c) With terns are i~npmn"iuIlinng Februaq md March in the kctic p s h  vo&ex? 
(dl Es Xt pssibEe far Oi, loss I s  be o a u ~ n g  in the sarxkhem hemisphere plskr: vor- 

tex bur for the 0, abunhnce to not be deaeasing? And in the nofihem hemi- 
sphere? ExpI;r;rn why. 



Appendix Terns and Definitions 

~@gfi818ti@gd See chlorine actz"vaf1"opz. 
activadeisn elDliergy The uaainimum knetic energy passessed by the reactasnts in a 

biimeleculw reaction in order for a callision to result in a reactim. Sw Bquatian 
(2.10) and aceompmying discrrssian, 

adiabatic A thermodynmic process oceming at coarsbnt enwoy and thus wih- 
out gain or IOSS of hat .  En the atrn~sphere such a process C O Y E ~ ~ W ~ S  ptential tern- 
p raa re  and potential vofiiei@, 

%erwsf/s See suyate aerowls. 
assnswiaaom reacb.lia~ A reactim that involves the association of two ato1:cams 4 9 1 ~  mob 

wules to fc~m a sir~glle reation. Sametimes eal%ed a @moIecul;ctr maction. 
CFG See C~~~CIY.Q~U~X"OCL;EI~~;,~S, 
ehemicsligty pedurbed m @ a ~  mat region af the pot= arodex csnQining air which 

h s  been exposed to PSCs and, in general, canbins high abundmces of C1,. 
cHc~r@fia~mrzorbam QCFCs) A elass of organirk; mo1ecules conlai.i&g cMrlorine 

and Banofine,, This tern generauy applies to man-made chemicalls, 
CLAm me C~.grsgenic Limb Amay Ebloxl; Spee&orneter% an insmment onboard 

elhe UARS, Sw Roche ef ale [2783] far more deQils, 
chladne aetivatioka When reactions an FSCs lead to the conversion of the ehlo- 

~nre resemair spcics HC% and CXONCs, into CIA. 
Cl -1- CfO a 2 x C100CX. Cl, is the sun1 of the chlofline spcies t h t  we involved 

in the catirtlytic cycles that eldeseoy add oxygen, Cl, is aha bown "reae~ve 
clhl~ne"". 

Ct, HCI + ClONO, + H0a;lr + ClO I- el+ 2 x CXWCt. Cl, is bid inorganic GMO- 
rim, Xf is the sum of d1 of the chjodnc: I%a& has been rekatsed from CFCs and sthm 
chlorine-bearing argmic molecuites. 

CGr, The wncen&atioaa ot-' chksrine atoms in an d s  mms tkrat are bound into Zang- 
lived o r g ~ c  molecules such as CFCs, The sum of GI, and GCI, i s  a conserved 
quantity and is equal to the total mount  of chlorine that entered the stratosphere 
in the air mass, 

deaetivakiam The apposik of chlo~ne activation: the net eonversion of e&nnc& 
amounts of 61, back into the c i h l ~ n e  msemoir spwies HCI and Gl0HO2. 

demikd@catiorn The removal 06 NOy from the gas pharsl= by ines~oration into soliieS 



or liquid paaicles, If the paeicles fomed are large enou&, ththey will se&ment out 
of the stmtosphere and the denjtPIficati~n i s  ineversible. Ilf h e  pa&ieles famed are 
small, then key ctca amat sediment and when the air w 
NO, bwk ir?m the gas phase. In th is case, the deni 

a ~ r n d  eyde A cycle over 24 h. 
a ~ r n d  steady-st%te Phatc~ehernicslII prorluction is equal to phokoehemicali loss 

when averdgeal over 24 k. 
diabatic A themodym c: process in which heat iis gained ar lost m d  ensropy 

therefore changes, Xn the atmosphere such a process does mt conseflie potential 
kmpmture or potenha1 vo&icityty. 

Dabsom xadt (DU) The unit of measure for colum12 0,. If yotl were to krlke: all the 
8, in a coXuxnn of air strekhing from the sudace of (I-te E d  to space, and bring 
it to shndad tempcratulrr; 4273 K) and pressure (1013 mb), the 0, would be 
0.254.50 em thick [except i23 the AnQrctic ''clzofae hole9'") r"I'e "DloRsoxl unit" i s  
diefined to be this thiehess in ~lK-centimeters, so 0.25--0.50 crn co~espoxlds kc? 
25%50 DU. Rltemabively, 1 DU = 2.6% ll(b'%nluteeules crn-', 

DBT see Dc~bsrm [Jnit. 
e-faldifng time The time far same geophysical gaameter to d ~ r e a s e  by a faelor 

Ille .= 0.348, Often referred ta as tlae lifetime or time scale of the 
pma~nekrIprocess, 

~ ~ 1 . e r l y  Co~ning from the east. 
c~tl;a&v&en$ fatibbljge The equivalent Iadtude of a point in the amospkrere is the 1at- 

itade circle &at encloses the s m e  area as the PV eontour that runs though &at 
point. 

biimt-srdet. racgio~x A reactirzn, in which a reaceant is tmnsfomed into one or 
more products. ExmpItes of this iaclu& phol̂ olysiis, themal ddissr~ci&ianx, radio- 
wtive &cay, and isomerization, 

frw r a d d  %eta= radical. 
HCFC A CFC that contains a hydrogen atom, T h i s  slaoaens the lifetime of the 

moJecule, As a result the molecule is destroyed lower in the at~~~osphere, where its 
G I I I \ ~ C ~ ~ R C :  and brodne will have less of an eEect 011 stratosphe~c ox, 

krectapaeai (hPa) A unit c t f  pressure, equal to 1, mb orr 100 N nx̂ " Suhce 
pressure is gexlerdly taken to be 10t3 hPa, and the stratosphere runs firc~m 
-308- it 420 hPa to -3 Iz1P.a. 

F10 CG14. 
F l l  GGX,%". 
F12 CCl,F2. 
g1:flobal Bjifethe To&;;rl amount of a molecule in the atmasphere dividd by the loss 

rate af the m01ecule iTPfegated over the entire al_mosphere. 
bPa Set= h e e t ~ p a ~ ~ c ~ l .  

&&year '1%~: region of the atmosphere-generally speaking betweera t 6 and 
20 h-that contbins most of the s&atospkere% burden of sulpdte aerosol. 



%wd Iifeame The reciprocal of the c h e ~ c a l  loss fiequeney (b lL) .  
wiar time (1st) The time Ibmd cpn the position sf the Srara. Noan LST W C U ~ S  

each dsxy when the Sun i s  at i@ kghest p in t  liak sky. 
!ass rage The rate 06 loss of a chemical constil-txent, with u ~ t s  sf arnaunuu~t  time 

(most often rnotecwles cm" s w VMR s 9). It is generally the prduct of a Ioss 
f r q u e ~ ~ e y  L and the abundmcie of the species in question, 

Iowerm8sk stmtmphere That pm of the skalcsphere locrzfed Between the ~ 3 8 0  K 
pdential temperature suda~e md &e Qopoprruse; it exists ody in mid- and high 
latitudes. 

I~xk$repe A line or s u ~ a c e  of constant potentid temperatwe @ad. therefore con- 
stant entropy '), 

p e t  Pk Xine oar sdace of consant mi~xzg sad0 sf a constibent. 
M In a chemical rewtioaa, M refers to "any moXecule"~; practice, it refers to @"j2 

or 02* fM] is the number density of all mc>Becules in a volume, A useful shodcut 
to calcula~ng to&f number densiv is: [w (in muleeufes em") =: 9.22 x 20L8~f13 
where pressare P is in itxeetopascals (kzhfi and &rDperature Ig  is in Kelvin {K). The 
VMR of M is, of course, 1, 

medc%ilr;lod S"dofih-sou&, towxd e>r away from the pole as equatorr 
aaaed&sd phne The la~Iud&heighl plane. It can be abhined by zonaIIy aver- 

aging a the+dimensionztll field, 
rngjibar (mb) Also how11 ;as the t~ectopascd JghPa). 
midmg $@@GI The mixi~liing ratio of a csnstit.leent is defined ta be the ratio sf the 

deaasiv of a & m e  constiaent divided by the density of air. Bf the number density 
is used, then. volunm ing rado is obtained; if the ~nass derasiir;ty is used, then 

rdtio is obtained. Thougl~arte the literature sn  the stratosphere, 
vol g ratio is by fa the mare comaxm fom. Because volume m i ~ n g  
rdtio is generally a very smll number, it is qpically expressed in parts per mil- 
lion by volume Qppv) ,  p m  per billion by volume {ppbv), or p m  per t~ZXion, by 
voluxne (pptv), MiGag ratio is always a u~tless quantity. 

MLS me: Microwave Limb Sounder is an insmmenzt sn  U m S  wEch 1nel;liswes 
O,, CBO, R,O, m83, and SO,, irmfmmadm see Baas el a&. [279], 

Na~anaE Metear-.sBo@cal Center See NCEP, 
NCEP NtllCiional Center for Envkomental Prediction, 
~umltbw demsity The number density of s o m  eonstirneat X, usuillly &noted [XI, 

is the number of mokwukes of cans~tuent per uait volume, Number densit-y typ- 
ically has units of mlwules per cubic cen~meter (malecules emJ), 

w That p a t  uE the smto4;phere fwated above the ~ 3 8 0  # potential tern- 
pemtuse sudnce, 

phoWbearrrica1 s t d y  state Photocherrricd produetion is equal lo photocbemica2 
loss at each instant in time, 

phatalyslx Chemical decomposition of a molecule af&r absoqtioln sf a photon of 
radiaGon (usudly visible or ulwdviolek), 
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P Pokr Ozone and Aerosol Measurement (Porn) 12801. 
pdar mi&* 'Bat pefisd during the wrirakr when the high Bagtudes experience 24 h 

of darhess evev &y, 
grrl4r stratwphede elauds (PSCs) These clouds f o m  in the cold kmpratures s f  

the lower stra&)sphere uf the winter and exly sp~xlg polar kroaex, Type J PSCv 
fc>rm fsam the co-conrbearsatic~n of H20 sad HNO,, while type 11 PSCs f s m  &om 
the eondensatic~n of water vapc~r- Chemist~y nwessay for the famation of the 
wzone knole occurs oxl the sadaces of these ~Iouds, 

palax* vadex The air mass that 11s lwated plewarrli of the polar aigbf jet. This 
region i s  cold (so ALows the fomadon sf  BSCs) md isolated from mid-latitudes 
by the s&ong zonal winds of the polar ~ g h t  jet, 

~ t eaGa1  kmperature (theb) The temperatwe that the pared would have if it 
were moved aidiabatica11y to a reference pressure, usraalIy fhe suda~t: pressure 
C l000 bPa)- 

pokemta varticlky (PV) PV thwgkt of as a Ruid dynamic=& analog sf spin 
anguka momentum, PV is n positive in the no~hem hemisphere and neg- 
ative in the southern hemisphere, consistent w i h  the sense of the Emth9s rotation, 
m d  increases in absolute value wih latitude an isentsopie su~aces. PV is con- 
servd on time-scales similar to the time-scnXe over which potential temperature 
is cmserved (see Fipre 2.5). There are severaX deiinitlc3ns sf potentid vohcity: 
Efld's potential voflicitg, (EPV), qazasigeostrophic gotentid voHicity, and xnodi- 
fied potential waicr-ity (MPV). See Lait [5% f for a discussion sf PT$1 

ppbv P W  per billicm. by volume* 
ppmv P m  per IZL;rX%ion by VO~UIR~,  

pptv P a ~ s  per tri% Lion by vtjturne. 
PV See potenrial vordt'ci@. 
rascal A radicd is a moXecuXe wi& an uxzpaired electron* Such maliecufes; we v e q  

reactive. 
rak csrmsbmt The product sf the mte constant of a reaction and the abunhnce aE 

the reactants yields the rate sf the reaction, 
wactive eMarriae See Ct,, 
rwe@ive uptiarke craeBdemt The fraction of et>llisisns 'bemeen a malecuke and 

a pmicle that results in a reaction. y is dimensionless 'wd always between O 
m d  1. 

mservais spdes A member of a c h e ~ ~ c a k  fmily that does nag parkicipate in the 
catalytic cycles that desksy 0,. Destmcdon of these species will often lead to the 
prductim of 0,-dest~oying radicals, Examples of resewoir s p ~ i e s  include 
CIONO, and HNQ,. 

SAD Sw s u g k e  area d e n s i ~ .  
sadam area density (SAD) The paaicXe su&acc: s e a  per unit volume, usually 

expressed in spare  centimeters per cubic ~ ~ ~ l t i m e t ~ i ~  (emt ern'" or sywe  
mieromters per cubic centimeter- (pra' em 7). 



saiscaad-order reaetian A reaction ktween two reactan& hat  produces two or 
more products: X 4 Y 

salar mmIth a~@rae QSZA) mis is the angle between the Sun and the p i n t  Iwatd 
directly aver the observers head (the zenith). Thus, a SZA of 0" means that the 
Sun is directly overhead, while a SZA of 90" means th& t11e sun i s  at the ho~zon,  
SZAs > -90" comespoxad bo ai&t-Gme. 

sCe8r"I.y shte See photc~c/zernis=nl steady sftdk and diunruk steady slate. 
stra.(:apau,se The boundw betwmxr the s&atosphere and mesosphere, lt is located 

at -.I Wa (2Wo K gotendal tempratuse). 
sulfate aemals Liquid paaicles composed p~lxra~ly  of H20 and H,S04, and at 

temperahres betow about 208 K, RNQ,. The padcles have typkail radii of a few 
tenths of a micron. 

SZA See solar xe~ziPh angle. 
theh See potential ternl)eralkLri/c. 
the-seaIe The chaacte~stie Iengtka of time aver which some pmcess 06:~~~"s.  
TOMS Total Oeone Mapping Spcctmmeter, This ixnsmxneatt measures uili;saviofiet 

light &at has been bmk-scaaered off the atmosphere, and kfers the column O3 
from this. See McPeters md Labow 12813 and McPeters eb. uk, [282] for rrrsm 
i&ormatiorr. 

tatJ imorgade cmodne See Ck,. 
tr~pli)p.ause The kj~~ndary  betwen &c: tmpasphere md stratosphere. It ranges 

from -300 hPa (3 10 K potential temprslture) at high %ancir;ludes to f X2Pa (380 K 
potential ktennperawre) over the equaiar. 

O United Kingdism Meteorological Ofice, ]El produces a sd  of Enetmro- 

OWeill [f%581 for xnore infamation about these fields- 

Volume ~ x i ~ ~ g  rado. See rnkintisg raIre"c-1. 
westerly Codng from the west, 
zand East-west, along a line of csnsbnt latitude. 
z a ~ d  average At1 of the &&ta t&en at a single Zatimde and altitude, but ~cpvering 

all Xorxgitucjles, we averagd to prduce a single data vdue for $bat latitude and dti- 
l-tade. ?%is is based &t= a$sump%ltora ths"te atmosphere i s  weil  xed in the 
zonal direction. 
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