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Abstract 

Ozone is formed in the stratosphere by the dissociation of oxygen "::;1 ultra'liolet 
radiation belo," 242 nm. Ozone i'=i rer.'.oved from the stratosphere by (a) t:-,e reacti":l:t of 
ox~'gen atoms and ozone, (b) by tran3f)Ortto the tro?osphere, (c) ':J'j ~at,;.lytic rea~tions 
\-lith free radicals based on Hater, and (d) by catalytic reactio:1s "/iL" t:-,e oxi.des of 
nitrogC!n, The most important :actor in the natural rerroval of stratosp:-.eric ozo~e 
ao:).::?ars to be catalytic cycles based on the oxides of nitrogen. The nat'.lral source of 
~l~ric oxide in the stratosphere has been tentatively identified, and the source strength 
nil:'; b8en calculated by three different investigators, There is ~OI.lt a factor of four 
l"n:::<1rtainty in the natural rate of injection of nitric oxide in the stratosp:'e:re. There 
is about. a factor of four uncertainty in the calculated rate of introd'.lction of 'nitric 
Q~:ic]~ in 'the stratosphere from full scale operation of supersonic trans;:;:l!:ts of current 
a:1d oast designs. Nithin these hlO ranges of uncertainty, 500 supersonic tra:lsports 
\':'Jul:j introduce nitric oxide in'the stratosphere ata rate comparable to the kno'N~ 
natural sources. 

Introduction 

During the period 1930-1960 it appeared that the global ozone bal~~ce could be 
e>:plained in tenns of the photoche11'istry of pure air and in ter.cs of air motions. Doubts' 
about the adequacy of this scheme bec~rne apparent in 1961 and became cor;;pelling by 1965. 
Th.ere appeared to be a large unbalanced production of ozone when only pure air photo
chem.i6t~' and air motions were considered. In efforts to exolain this ~~alanced ozone 
production, a set, of "water reactions" was postulated in 1966, and a nat'..!ral background 
of the oxides of nitrogen in the stratosphere was postulated in 1970. This article 
reviews the historj of these considerations of the global ozone bal~~ce ~~d gives a 
current estimate of the sufficiency of pure air reactions including air transport in 
givin'] a global ozone balance. The relative importance of the water reactions ~~d 
reactions of the oxides of nitrogen is reviewed, and remaining unknown factors are 
diGcussed. Natural sources and sinks of the oxides of nitrogen in the stratosphere. are. 
discussed, and the natural sources are compared Hith the expected artificial source from 
the exhaust gases of supersonic transports, 

I. Unbal.:mced Ozone Production 

.n.. History I 

The basic photochemical theory of stratospheric ozone ~las caveloped by Chap:nan2 in 
1930. 'l'he mechanism involves two photochemical and tHO chemical reactici1s. These 
reactions and the corresponding rate relations are as follows: 

(Rl) O2 "+ h'J ~ 0 + 0 R j 1 [02] 

(R1) .0 + O 2 + N ~ 0 3 + M R k2 [H] (02 J [0] 

(R3.) 0 + 1"1\1 ->- C, + 0 R j 3 rOd .. ~ 
(Ril) 0 +0 3 .... O2 + O 2 R k4 [0] [0 11 

Sql.:.ar~· c.,:-ackets represent gas conce:1trations I in this report gi \~er1. as fficl..::cules. c:a- 3-,. 

Th~ rate ccnst~~ts k are functions of temperature. The photoche~~cal coefficients i are 
ft.in:::tio!"'.s of i'neoming solar radiation, solar angle, all overhead species that. a::,sorb the 
C(12r;'~ca.lly. effective radiation, a.'1d on the IT,olecular properties of oxyse:-: and OZG::a. 

Vl..ithi.n· a feV! seconds i, oX'.fgen atoms attain a steady-state ',.;itn res?==ct to local czor.e 

(I) 

.Ir t.Ile st.ratosp.here ttlere static, ozone would attain a photothenica.l st.eac.y-stat~ 
conc'2ntratiun 

(2) 

7,'1(; ':',ea..""'. 1:.i::.e for attaining this steady state is 

1 

= .:!:(k. 2 ~ ~l j) 2" ( 
T 4JIJJ 3L 

:'h>2:'3~~ =~la~a:'ion '..:l.rr.es are ?J. fe',", hou!"s ~t 45 km, a fe.-:.v C2.ys at 33 ;~6# d :e',., 2C:1t.~S at. 
is ~;.:"~, an.':!' r:!anv .vea::-s at 15 km. .en ~"e lOl,ver stra.tospnece., air r::oti·.:"n3 3~e s~c...' '::aste: 
r.:-;.::-~~ t;~·~ pho1:och~~ical equill.b::-ation rates. A comt'arison or obs~:r·;;-cd czo~c co:1ce:tt=a't.iO:1s 
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with calculated vertical stead'l-state ·profiles indicat'::!::; that Much of ,the ozone at and 
belo'''' 20 km \.,as brought .there by v'2rtic.:ll components of .air Motions ra':.:1'O!r tha., being 
produced tl,<.-"';'" :"',Y ~;,vl.\Jc:hemistry. 1, comparison of obser-Jcd ozone at ;,igh la::itude.::. 'tlith 
the quantities calculated from a static photochemical !rod",l sho'tls tha':. :::uch of the ozono:! 
in p~lar regions was brought there by horizontal components of air rr.-otion. 

During the period 1930-60, it appeared that the Chapman photoc:tE:::-J.cal !:'.ed",(lni3;:i 
plus con::;id0rations of air transport gave a satis factory global bala..'1:::ebet',.;een ozone 
productio!'l and destruction. The rate constants !!.2 and !!.~ had been l7'.easuredin t.he 
laboratory in the 1930's. The cross sections ~ for light absorption 

-d 9,n1 = a[A]dL (4) 

for 02 (02) and for 03 (a 3) had also been obtainedfro!!l· 1aboratorIl:",ea3'.lrei:'.encs. In 
early years of the Chapman model, the solar intensity above the atmos;;;-,ere was calculated 

. from the Planck radiation equation and a temperature for the surface of the suo'!. During 
the 1950'5 and early 1960's, new values of the rate consta..,ts k z and %, were o~tai~ed. 
The actual distribution of solar radL-il,tion above the abnosonere was 6S;:air:ed frOw. rocket 
fligh~.. . ,. . .• '. . . 

,In 1961. Dutsch 3 pointed out that, there appeared to be adiscre;?c...":C"j bet',;een qlo!:;~l 
observed ozone and the amount calculated from the Chapman model t.,ith ~::e neil d3.ta for 
rate constants and solar .intensity. Dutsch said that one should Hait '..L"'ltil t!:e l2boratory 
wor:C ,o/as c6n,{irrned or not, and he advised ozone scientists to keep ,an eye on tl-.e developing 
field. 

Bet ..... een 1960 and 1965, there were major advances in the labor'ator-] with respect to 
reactions of oxygen atoms, oxygen rr,olecules, and ozone, including the effect of excited 
electro!'lic states of oxygen . atoms and molecules. By 1965 the discrepa.'1cy bet'..ieen the 
predi·ctlons of 'the·Chapman mechanism and the observed patterns of ozone had become so 
great tt,at Hunt" presented a strong case for "The Need for a Hodified Photoche:nical 
Theory of the Ozonosphere".At 'first, Hunt assumed that excited electronic states of 0 
and 02 might account for the discrepancy, .but he showed these reactions to be far too 
slow. Next, Hunt discussed the re.actions of free radi.cals based on water (H, HO, BOO) I 

abbreviated BOx. He exa..-nined two reactions that, alt.'1ough never observed 'directly, had 
been discussediri ozone photocheniistry 

(R5) fro + 03 .. ~ 'HOO + 02 (5) . 

(R6) HOO + 03 • HO+ 02 + 02 

net: 20 3 + 302 

Hunt pointed out that if ks were as large as 5xlO- 13 cm 3 molecule- l sec- l · and if ks were 
as . large as 10- 14 cm 3 rnolecule- 1 sec- l

, then this catalytic chain reaction would be· 
adequate to explain the apparently unbalanced produc;:tion of ozone. Intensive laboratory 
studies 0 E these reactions have been underway. The first direct measurett',ents 5", 6' reactio:1s 
5 and 6 were reported late in 1972, and the observed rate constants are substantially 
le~s than the values required by Hunt. It appears that the water reactions are inadequate 
to account for the observed ozone in the stratosphere, although these :teactio~s are 
important in the upper stratosphere (above 40 km). The role of HOx free radicals has 
been the subject of several recent reviews. 7 

. ,r.. very careful analysis or" the problem of unbalanced ozone prodUction was given by 
Brewer and WilsonS in 1968-. They.asked if the ozone balance could be recohciied within 
the combined uncertainties in solar lntensity~ in values of the rate· constants for bot.~ 
tl1e Chapman reactions and ·the water reactions; ,aI}d in the magnitude of atmospheric 
trotiens. They concluded that a global ozone balance could befoun.d within the fran-:e''';o=-:C, 
of tha accumulated uncertainties, but they, were not satisfied wi th the pattenl of air ' 
moti~ns that was implied. Also t.:"1e rate constants 'for the Chapman reactions that Bre'. ... er 
ar:d ihlso!'l used 'are not consistent ;"ith present-day values. With current values 0= ~'1e 
app,rcj?ria':e constants, one concludes that the Chapinan reactions plus t.~e water reactions 
are inac.equate to account for the cherl'.istry of.oz(:m~ in the stratosphe=~. 

The occurrence of oxides of nitrogen, NO and N02·, (abbreviated as NOx ) in the 
stratosphe::e has been discussed by Nicolet 9 since 1945. Although no direct rr',eas.urerr.ents 
of t:-tesa species in the stratosphere had been made until veryrecentl?', . Nicolet has 
discussed the many reactions that they can undergo. He estimated (in 1965} that the 
order of magnitude of NOx in· the stratosphere ·is about one or so parts fJer billion by 
voh!IT.e C-~Jarts in 10 9

, ppb). Ozone,'on the other hand, is typically 1 to 10 parts per 
rrillion in the stratosphere. Because of this <;:t',~,at discrepancy in a!T,O'l.nt of NO x and . 
OZOlle, it did not appear to Hu..'1t in 1966 that NO x would be importa..'1t i:'1 the stratospheric 
ozoaa balance. T"wo other lines of development, however, lead to a diffe=ent conclusion. 

D;.:ring 1966-67, Johnston 10 prepared a critical review of all available pcillished 
laboratory studies of ozone chemical kinetics ·and photochemistry, gaL,; back t.o 1900. 
H'.lch of the early. data shoiled satis factory 'precision ~ but very large c.iscrepar'lcies fro::t 
one inv",3tigator to anot!1er. 5 1.1ch di~screpancies were traced to catalytic destruction 
of ozon'~ by certain surfaces, by catalytic cycleS based on the water reactions, and. b.':, 
seve,::C',l c.J.talytic .cycles based on thaoxides of nitrogen •. This revie',. ,.;as the ini?'.ediate 
bac:<gro\J;.c:l of the proposal l

! made in 1971 that oxic.es of nitrogen in t;"e stratosphere 
would be; '!'?ry active in the ozone balance,· even ,if present at only 0.1 E'er cent of the 
ozone ie,self. 
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I~ 1968 and 1969 Murcray, Murcray, Kyle, and Williams l2 r~ported the direc~ 
observation of substantial amounts (about 3 ppb) of nitric acid vapor, H:;Vl, in th~ 
strato:;pi~,-,.ce. :;: .. Lt.., ·stratospher2 nitric acid is, t':) SOQe extent, ;:;1.:o::'en d,)',m to t~,<:! 
acr.ive o~:id(:s of nitrog'2n, NOz and NO, by sl..l..'"llight and by active fr<:::e radi~als such as 
H~. Crutzcn l

] reasoned that if nitric acid vapor. is present in the stratosphere, then 
the C'.cti.vc oxides of nit-rogen vlOuld be expected in comparable ar.,ounts, and he prop:Jsed 
t:-tc follo\.;ing catalytic cycle to rectify the unbalanced production of ozone 

kG ,_ 
(R7) NO + 0) ~ 1,02 + 02 (6) 

k? 
(R8) NOz + 0 ~ NO + O2 

net: 0) + 0 ~ 02 + 02 

"-j 

'1::-,e cDrL'Jined effect of reactions 7 and 8 is the same as the direct effect of reaction 4 
in the Chapman mechanism. At a typical stratospheric temperature, hO':18'1e::"; the rate 
constant for reaction 8 ·is 10,000 ti~e9 greater than that for reaction. 4. 

B. Current Status 

_; speCial computation I"as designed for thepurpos·e of testing the sUl:=~cienC'''' of 
tr-,e Cha:;?:nan mechanism plus air transport in acc-::ml!ting for the glojal OZOf.e balance. 1" 

This cor..?utational procedure does not use tr.e steady-state assumptiO!1 for ozone. The 
COr:l?,utatiori"al procedure is indicated by Figure 1. lie start \-lith r.<easured, a'/erage 
distributions of ozone (for example, Figure 3) B..'"1d ,-lith standard distributions of 
cemperature (for example, Figure 2). As indicated in Figure 1, a planar wa'1e of su.'lligb.t 
(Figure 4, in par~) impinges on the spherical earth. The grid of elevation, longitude, 
and latitude gives 43000 volume elements. The flux of sunlight for each :1anor::eter . 
,yavelength above 190 nm is calculated in each volume eler.tent. The various orientations 
of the earth give: rise to all hours of the day at one point in tine. The steady-state 
concentration. of oxygen atoms (Equation 1) is calculated in each voluzne ele:::ent. The 
instantaneous rate of each elementary reaction, 1-4, is evaluated in each volu.-::e elelt".ent~ 
At a given elevation and latitude, the rates of the elementary reactions are averaged 
over longitude to give zonal averages of various rates, which are illustrated by figures 
analogous to Figure 2 or 3. Further integration over elevation from the tropopause to 
45 km gives vertisal column rates, and integration of column rates ove:::- latitude gives 
global stratospheric rates. 

This computation has a narrow purpose, and in this way it avoids some of the 
comple xi ties of atmospheric rr.otions that are faced by rr.ore general analyses. The 
transport of ozone from one part of the stratosphere to another I"ould cal1.celout in this 
computation, which sums over the entire stratosphere. The volu.-ne integ:::al of the· 
transport of ozone over the entire stratosphere is simply the flux of ozor.e across the 
bO:li\daries. The flux of ozone across the tropopause has been evaluated by several 
ui£fe~ent investigators I.'.M , and the flux ozone across the stratopause in t..'1at region of 
phot.och(!mic.~l steady stp.te is not ir.<portant. Sample results are given. in Table 1. 

PHOTOCHEMICAL CALCULATIONS 

IN STANT AN;OUS RATES. MOLECULES CM-3 SECI 

Jl hU~L~G+Hd 11 
OWORLD 

W.C.VELENGTH GRIO 

ELEVATION GRID 

LATITUDE GRID 

LONGITUDE GRID 

I NANOMETER 

I KILOMETER 

5 DEGREES 

I HOUR (15°) 

(I) SPRING - FALL (MARCH 21) 

(2l WINTER- SUMMER (JAN. 15) 

X3L 12e-617~ 

Figure 1. Computational procecure for 
c.~.lcl.ll'ltion of instantaneous photochemical 

. Figure 2. Zonal ave.r3.:je, s"C.3.ndard 
te;7l!?=ra:'ure distri;:'ut.ion for ~~arc::t 22. 
H. L. Crutcher, "TeITP~=ature and 
h1..unidity in the tr-cpo.5?::e:-e ll ~~o.rld 
Survey of Clir..atolog'/, VoL::::e---;r:--
ed~ ted by .. D. F. Rex~ Elsevier ?ublis~inc 
CompB..'"lY, Alnsterd3.:::-Londo:l-:-;ewYork, -
pp. 45-83; Handboo:, of ~o?hysics, 1960. 
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Figur~ 3. Zonal average standard ozone 
distribution for Harcn, 22. Dutsch, ref. 1; 
F.S. Johnson, J.D. Purcell, and R.'Tousey, 
Rocket EX?lora'tion of the ,Upper -At~osphere, 
Perqarr:on Press, London, pp. 189-199, 1954. 
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Figure 4. Intensity of sola:::- 'radiation 
above the atmosphere. I ~'l. Ac%ernaZl, 
D. Frimout, a.'"ld R. Pastiel, Ciel et Terre, 
§1, 408 (1968};0 P.'!':. Bonnet, Spac-e--' 
Research §, 458 (1968); r-i C.R. Detwiller, 
D; L. Garrett ,J .D. Purcell ,ahd R. Tousey, 
Ann. Gebphys. 11, 9 (1961) <berage va:J,ue used: 
H.' Ackerma!l, Nesospheric ~!odels and Related 
EXperiments, D. Reidel Publishing Co., 
Dordrecht, Holland" pp. 149-159 (1971). 

T3ble 1. Instantaneous, global rates in the ozone balance (rates in ~'"lits of 
10 2 9rnolecules sec- 1) 

Global reaction rates 

Jan. 15 March 22 

Gross rate of 03 formation 50b 486 

Tra."1sport to troposphere (ref. 8) -6 -6 

'Chemical loss (Chapman) -86 -89 

Unbalanced ozone production 408 391 

Apt)rlnim'3.tely 80 per cent of the bzohe produced from sUnlight fails to ~e balanced by 
the Chapman 'mechanism and by transport to the tropopause. This large un~alance between 
ozone production and destruction by Chapman reactions as given in Ta'ble 1 is ,based on 

, the central values of a number of experimental quantities. The experi~ental quantities 
have a' .!;'ange of uncertainty, and one naturally, asks whethe,r t..'le calculated ~"1bala.'1ce qf 
ozone ca."1 be due to experimental error ih the rate constants or in other ,data. To 
exa:nine this question , we deliberately,varied the input data for one variable at a ti:r.e 
by variot:s arbitrary factors and repeated the entire calculation. It was found ,that t..'1e 
Chap!T!C!...'1 reactions plus transport could' give a: global ozone balance :for each of the 
£olJ.o,,,1ng highly perturbed conditions: , 

1. 'rhe intensity of radiation above the atrrosphere at wavelengt~s below 300 nm is 
r~jC1ced by a factor of five (note the heavy-line in Figure 4). 

2. 1:'he ozone 'vertical profile retains its same shape but is· dis::>laced up~"ard by 
4t klle>",eters over the entire globe. 

3. 'l'he absolute terrperature is increased bY,~QoK everywhere. 
,1. 7he cro.;;s section 02 for radiat~on, absorpti.<?n by oxygen is decreased by a factor 

of f1 'Ie (note the heavy line in Figure 6). ' 
5. The cross section V3 for radiation absorption by ozone is increased by a factor 

0:: fiVe (note the, heavy line 'in Figure 5). ' 
6. The rate constant k2 .is decreased by a factor of five (note the heaTr.f line in 

Fig"U':'-2 8) . 
7. T~e rate consta.'1t k4 is increased by a factor of five (r:ote the heavy lir:e in 

Figure 7). 

The primary data for the five qU<L"ltities, Io' V2, 0'], kz,and k~ are presented in 
Figul:es .+--8. The central curle drawn through the points co:-responds t,:) : .. b,~ values used 
to ob!::a.in Table 1. 'The heavy curve offset from the experimental da':a corres?onds to how 
far o,'!"" must go frqm the experimental data ii1 order to force a."l a9'reerc.ei1t between ozone 
£o;:-rr.atie>n and destruction in t(!rms of the Chapman mechanism alone. The rest.:lts in Table 
1 are df~ri'led from the data Siiven by Figures 2~8. Ive have under .... ay a "?·!on::e Carlon 
,cdlcuLlt.io:l that combines in a random' .... ay t..'1e errors from the varicL:.s cc;cponent 't..lantiti~s. 
Althou:;r:C these calculations are not yet complete I \.;e are, beginning to get 2.0"1 estii'Jate c:: , 
th,e standard deviation of the unbala.'1ced ozone productio:l. from the corrbinec. ef:ect of 
seve r.J.J.. sources of error . I t ,appears ,improbilbl'e that the unbala."1ced ozone 9=oduction 
sho',~:'.:1 in Table' 1 is due t'o 'experimental error in the compo!"!ent' qua."1tities. 
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Figure 5. Ultr·avio1et radiation absorption 
cross section for ozone with experimental 
points, a curve through the experimental 
points, and a curve displaced from the points. 
E.C.Y. Inn and Y. Tanaka, ~. Opt. Soc. ~. 
1~, 870 (1953); A.G. Hearn, Proc. Phys. Soc. 
lIl, 932 (1961); E. Vigroux, "Contributiona 2,' 
etude experiment~le de 2,' ozone, Hasson et Cie, 
paris (1953). 
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Figure 7. Rate constants for the reaction 
o + 03 ... 02 + 02~ D.O. Davis, H. Wong, ~ •. 
Leohardt., in press (1973); J .L. HcCrUIl'b and 
F. ~auf~an, J. Che~. Pnys. 51, 1270 (1972); 
vi :-!. JO!1es andN.Davidson, J. A.'il. Chern. Sec. 
8 , 2868 (196'2); D. Garvin, J. Am. CFi'em. Soc. 
7 , 1323 (1954); S. John, z.-A.~org. Chem.--
~ , 260 (1906). 
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Figure 6 •. Ultraviolet radiation abs~n7tion 
cross sect~on forrc.olecu1ar oX".Iaen 
Shardal"lan.d, Phys. Rev. 186, 5 (1-969)' 
R.l-l. Ditchburnand----P:-A. YOlli'1g, J. At;. 
~. Phys. ~~, 127 (1961); M. Ogawa; 
~. Chern. Phys. 2~' 2550 (1971)~' 
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Figure 8.. Rate con5tants £o~ t.tJ.:.l.e =eacti.c~ 
o + O2 +·1-01 - 0 3 ~ ~"1. R .. I:. Huie" J .. T·. her!:on, 
a~d D.D. Davis,:J. Phvs. Cile:::. 76, 2633 
(1972); F. Stuh1-a..'1.d H. ~·;~-ki--;- .J:-C;"~:':'. P;-',':S. 
22, 3943 (1971); H. Ei?p::er a:'.d J. 7:::::>a-;--. 
Ber. Bu..-:senges. Phys. C·,ef.' .• 75, 27 (.!.97.!.); 
P:-Kauiman and J~}:el.so, J:-Chem. PhV5. 
12' 4541 (1967); H.S. JO:;':1stOi1, "Gas ?hasa 
Reaction Kinetics of ~;elJ,,:::-al Oxvce .. S:;e.:::i.i!s" 
~SRDS-~lBS-20 (1908). ~-
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It is instl'llctive to examine in detail some of the data, ·,.;hich ',Jere i:1tefl!:at€!d to 
give th~ results of Table 1. Figure 9 gives contour lines for the conce~tratf~n of 
oxYS~n a.tonls~ 'l'h.l.S !.l.gure illustrates that the stratos?here is not a u,:1iforw r~gio~, 
but it is strongly stratified. Ozone is destroyed by oxygen atoms both "::;J' rea~t.io:l 4 
and reaction 8. The stratosphere at 60 0 N and 12 km, for example, has a:-. a'IC:!:2.~e c;,;qgen 
atom conce:ltration of about 10' molecules cm- 3. It is, chemically s?eaJ.:i .... g, a totally 
differe •• t region from the sunlit stratosphere at 20km 't:here the oX'.!sen a.tom co(v::er,,:ration 
is about 10 6 molecules cm- 3. Reaction 8 is vanishingly s 1m. where the CO:lcentratic:-. of 
oxygen atoms is 10~ cm- 3, but it occurs at a significant rate if [OJ is 10" a:-,d [ZiO~ j is 
above ·10 ~ molecules cm-: 3. This discussion pertains to the flight of regular jet. p::'a,tleS 
in the polar st:ratosphere as compared to supersonic transports in the stratosphere at 
20 kin. i,ith respect to rate of destruction of ozone, flights at 20 %m are abo'.l.:: 101j fold. 
worse t:Fln the sap.!e fli.ght at 12 km, even though both flights are ."ir, t::e stratospc~re". 

Figur.e 10 gi'Jes the rate of photolysis of oX'ygen as zonal averages. Ii: t:'ese rates. 
ar~ multiplied by b/O, they give the gross rate of production of ozone f:::-om su.:11ight:. 
If ozone production persisted at each point at the rate gi\len in_Figur:e 10 f6:::: one year, 
the ozcn,~ concentration would build up to a value in molecules cm-~ tiat is 0..<10 7 greater 
than the value given i-n Figure 10. For the contour letS (written as E5} the cQncentratio~ 
of ozone produced in one year w01:l.1d build ·up. to the maximumconcentratio:1. of Qzone 
(COr.1?are Figure 3) in the entire stratosphere. This ozone production rate di?s belo'", 
19 %:n in the tropical region and is about 24 km at the summer pole. DO',''nward a..;d 
horiz·:):1tal air r..otions are dominant in setting the distribution of ozone in t!'-,e 10"';er 

·stratosphere 1 , but there is also a substantial amount of photocherr~cal ozone production 
dmvn to· 20 km in the equatorial and slliil:mer temperate zones. 

The rate of destruction'of ozone by means of the Chapman reaction, 0 + 0] + Oz + 0 4 , 

is given by Figure 11 for a standard January 15. 

The difference; between ozone production (2jl [02]) and destruction (2k" [0] (031) 
according to the Chapman mechanism is given by Figure 12. This unbala.."1ced ozone 
production is 4xl0 31 molecules sec-Ion a global basis (Table 1). The global inventor.! 
of stratospheric ozone is about 4>:10 37 molecules. If the unbalanced production of ozone 
.given by the Chapman mechanism persisted for 10 6 seconds (or about 12 days), it would. 
double the world's inventory of ozone. Clearly # . there must be some powerful mechal'rism 
for· ozone destruction other than the-Chapman .reactions. 

Table 1 and Figure 12 provide very strong evidence that the Chapma..~ mechanism and 
aLi t-cansport are insufficient to account for the present quantity and distribution of 
global ozone. "Something else" in the stratosphere must be very important int.'1e 
natural ozone balance. At present, it appears that this "something else" is the oxides 
of nitrogen or the oxides of ni trogen plus the free radicals based on ",ater. 

II. Reactions. of the Oxides of Nitrogen 

A. The NOz Catalytic Cycle ll ,ll,19 

Til'~ nost important reactions of the oxides of nitrogen with ozone are believed to 
involve the three reactions 

(R7) NO + 0 3 ~ NO z + 02 

(R9) NO z + 0 ~ NO+ 02 

.(R9) N02 + h'l) .. NO + 0 

(ref .16) 

(ref. 17) 

(ref. 18) 

The r.=.te constants for these reactions have been obtained repeatedly in the laboratory,. 
incluoLlg studies· at stratospheric temperatures and pressures. There i~ rsasonably 
good a·greement bet~veen different investigators of these reactions. The .reactions 
;::~y.~·b:'!1e in two different competing cyclic processes. 'rhe catalytic. cycle fer ozone 
'de5t:r'...:ctio!l is . . 

The=~ 

(?7) NO + 03N02 + 02 

(Ra) N02 + 0 ~ NO + 02 

net: 03 + 0 .... 02 + O2 

is a parallel "do nothing" 

(R7) NO +0 3 ~ N0 2 + O2 

(:<.9) NO z + h'l) .. NO + 0 

(~2) 0 + O2 . + H .... 0 3 + N 

cycle 

net: no chemical reaction 

{6} . 

'7) 

The rate of destruction of ozone with the oxides of nitrogen relative to the rate. iri . 
"pl'.re ir" (that is, tIle Chaoman model); is defined as the "catCllytic ratio" ,;:>. T::e 
cataly ic ratio i la may be expressed either in terns of .the variables NO z and O. or ene 
variab es NO and 0·. These expressions are 

p 
rate of ozone destiuction with MO x . 
tate of ozone destn:ction in E\ure air 

1 + %~ [NO: J/k. [031 

.. 
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Figure 9. Oxygen atom, O( 3p), concentra
tion, Equation (1), for standard January 15. 
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Figure 11. The rate of the reaction, 
o 'to Q; ->- O2 ,+ O2 , January 15. 

2·7 

Figure 10. The rate of photolysis of 
molecular oxygen, 02 + hv + 0 + 0, jI [O~l 
for standard JanuarJ 15. 7hese data 
multiplied by two give the gross'rate 
of formation of ozone. 
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Figure 12. The net rate of ozone 
production according to the Chap~~. 
rne~anism, 2jt[02] - 2k~[O][0)]. 
January 15. 

(9 ) 

I 

I 

The ir.stantaneous rate of destruction of ozone by NO x catalysts ~ay be expressed in the 
language of "ozone half life", T (compare the use half life of radioactive d~cay to 
characterize instantaneous decay rates): 

T = ~n 2/2k.p [0] (Ia) 

Fro:.: Figure 9 it can be, seen that the range of oxygen aton concentrations in tha 
stratosphere i,s from about'10 5 at 15 km to al~ost 10 1 

J at 50 kn. C0nsic.erations cf 
present and possible future sources of nitric oxide in the stratosphere give 10 3 to 
5xlOli rr:olecules cri\-J as the maxinurn probable range of NO concer.tration. Fro~ Figure 2 
it can be seen that stratospheric temperatures vary f!'om 200 to 260 Q K. Fo:::- a t:ypical 
t:e;';l0,~ratl:lre, 220ok, Figure 13 give values of the catalytic ratio, Eq. 9, for the full 
range of [<-10] and raj in a slll'liit stratosphere. (Similar plots have bee:l pr;pared for 
200. 240, and 260~K.) The catalytic ratios varJ from just under two to ':"ell Ot-er on; 
thol~sand. For t:he same range of [NO] and [0] and for the same terr:perature, tl"le half
ti::-,e of ozone destruction, Eg. 10, is given by Figure 14. At 10;. values of both [K01 
aau [OJ, the half-times are longer than a year. At 20 km, where [OJ averages 10°, the 
I-ate of oz,one dest:ruc;tion is significantly fast if [NO} exceeds 2xl0 3 molecul;s ;::;(_3. 

B. The NOJ catalytic Cy"cle \1 --
;\1: low elevations, where [0] is Im-l and the ~W2 cycle is slow, another catalytic 

cycle of the oxides of nitrogen may be important: 
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(KIO) NO? + 0) .. no) + O2 (11) 

(all) NO) + hv NO + 02 (dilY) 

(E7) NO + 0) .. N0 2 + O2 

net: 20 ) + h\> 30 2 (day) 

'1'h8 radiation involved here is rcd light; I-I:,ich is an';ndant at all ele'J"ations. This 
reaction gocs in another direction at night (including th9 polar night> 

(RIO) N0 2 + 0 3 • NO) + 02 

(R12) N0 2• + NO)11.~ ~120s (night) 

A fc:.·; :Jer cent of the NO z is convert8d to NZ03 in one n~g:"t. 'I'r:2 reaction3 of :':29:.: duri~g 
the ::ext day are not Viell crlaracterized,and the net effe-::t of the reaction at night 
cannot be stated at this time. . . 

Ti1<~ rate of reaction 10 has.been studied only near r008 ·te;;-,?eratt:re,· a::::! the e:-::tra
polatio:) to stratosp!1.eric temp2=atures is uncertain. Ho· .. ;eT,,~~r, the E::·: .. ~rapola:.e.q ~,,-al ~es 
i:1c1icat~ the C:O'3 catalytic cycle to des-troy ozone faster t;"a.'1 t::'e ·:·;02 c.3.t'a:l~/tic·C"..tcl.e· 
be 10',·, 22 km. and in the terap,;:,rate region vlhere the' te;;;?erature is at least 220Q!(~ 

c. Nitric Acid Vapor 

l·ji tric acid vapor is formed from the combination of hydro;.:'.!l radicals a..",d nitrogen 
dioxid~. It is destroyed by photolysis and by reaction t·/ith hydroxyl radicals. 

(R13) HO + N0 2 1-1 H"O 
-;I" .. :.:1 3 (ref. 21) 

(R14) HN0 3 + hv HO + N0 2 (ref. 22) 

(RlS) HO + HN0 3 H2 O + NO) (ref. 23) 

The steady-state ratio of nitrogen dioxide to nitric acid is 

( [~j02J) = k lS + jl4 
. [HNOd S k l3 k1dHOj 

(12) 

The half-time to approach the steady-state is 

T = ~h2/(kldHOl + k1dHOJ + jp,) (13) 

Al though these rate cons tan ts are not accurately known, they are \.;ell-enough kr.o"..;n for 
order of magnitUde calculations to be made. Near 20 km, k 13 is about 10- 12 , k lS is 
abO'..lt 10- 13

, and j14 is about 10- 6 sec-I. Thus the ratio of NOzto HNO l is appronrroately 

O:~~i~! It ~ 0.1 + t~;l (14) 

If :1"!droJo.II radicals are .less than 10 5 rr:olecules cm- J 
I nitrogen dioxide \vill exceed nitric 

aci.d; and the half time, (j,"termined by the photolysis rate , is about cne Hee:C. If t!1e 
hydcoxyl radicals are 10 7 molecules cm- J 

I nitrogen dioxide is about one-fifth the nitric 
acid, and the·half-time is less than a day. Although the constants k l31 j!~1 and klS are 
not firmly established, it appea::-s that the ratio of N0 2 to H~m3 is about: 0.1 at 15 km, 
about 1 at 25 km, and substantially larger than 1 above 35 km. At all elevations, the 
h3lf-time to establish the steady state between NO z and NO; ap?ears to bet,;.;o weeks or 
less. Thus it can be seen that: nitric acid is a significant reservoir or te~?orary sink 
for the active oxides of nitrogen. In the lo'..rest stratosphere nitric acid preC:o;d.nates 
OVt:r nitrogen dioxide, and the eddy diffusion of nitric acid ir:to the tro?csphere ,.;here 
it is rained out is pres umably a major loss process for stratos?heric:mx ' 

D. Effect of ~0.x on the Unbalanced Ozone Production:: 

The concentration a'1d distribution of NO x in the stratosphere is not k~o;.":l. To 
test the. sensitivity of the global ozone balance to stratospheric ~·wx, \,e arbitrarily 
assw~edl~ a r~,ge of possible amolli,ts of NO x in the st::-atos?here ru~d repeated the . 
calculations leading to Table!. For a constant concentration of 4.4xlO' :.:olecules cc- 3 

of liO;, throughout the stratosphere, the unbalanced ozone produ-::tiongi ve:l. by Ta~le 1 is 
tur:1ed int.0 a .global balance for standa=d conditions of Ja..'1uar? '15. It:'. req'.!ired. 
4.2>IO"to produce a global ozone balance as of i-larch 22. ~ . 

. :figurelS 'presents the rat{o of the rate o'f ozone production to t::e rate of ozone 
c.8structio;"l, based on!:;he Chapman model ~'ld the present acc:lal distributiC:1 of Ozone. 
Over most of the stratosphere ozone appears to be for~ed\at least ~~ree ti~es raster 
tha!'. it is being destroyed. In part of the tropical stratosphere 0301":", is ;:,eiag fo=.ed 
nnotoci''''!!.:ically. a thousand times faster than it is beine dest.ro;;ed hv the oure-3ir 
react!.o:1s. It seerr:s exceedingly i"'probable that strat:os?he~ic o;:one· ''';Quld· ~al,'e aSSlL-;:ed 
its pn;-:;i~:1t distribution if it is subject to suc21· unbala"1ced producti.on rat~s as .is 
giv2n by this figure. 

I'iith <1. 2xl0 9 molecules cm-) of NO x added tl1roughot.;t the at:::cs-,;here, t~e ra.tis. of 
OZ8:'\i~ iorr.ldtion to ozone c:.estr1;ction is changed. fro!;! .Figure 15 to Fi;u::::-e 16. I::. Fi.cure 
16, it Ciln be seen that: this addition of NOv brings the entire at~cs;:>he::-e celOlv'45 k:!l 
'd.i thi:l 20 per cent of photochemical ·equilibrium. T:18 lar'ge local i::,.salanc~s sho'..;n by 
FiT..lr.~ 15 are s!1'.oot.hedout almost entirely. Ii:' the oZC:1enS01;rc~ res-ion" above JP:-:i:, 
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4.2 xlO·' molecules' CrtC J of )<0X added thro",gh

'out the at~osphere. 

the excess rate of ozone production to ozone destruction is a matter c:::: 10 per cent I not' 
t.'1e factor o,f 10 given by t.'1e Chapman mechanism. 

At: this time we have only a single report of a distribution of ~WX in the stra'tosj?here, 
alid it extends only ~o 28 k~. Ackerman and MullerH interp.rebi!.d. t.'1eir O\¥r. balloO:1- cata 
and those of Gol~~an et al.- 5 Their reported concentrations of ~OX were about 8xl03 at 
15 kia, 2xlO' at 20 km-;-:-3XTO

g 
at, 25 km, and 5)(10 9 mOlecules cm- 3 at 28 kn. Our assu;naa 

uni£o~m concentration of 4.2xlO' molecules cm- l
' is consistent with Acka=an's values. 

,On the other hand, it is demonstrated here that NO x concentrations cOr:1para:,le to t.'-lose 
obser'J;~d (15 to 30 km) are very potent catalysts for ozone destruction. 

The cO:1clusion to this section is that the oxides of nitrogen are now a very active 
COIT:?one:1t of the stratosphere and are of major importance in the present' ozo~e . .Ealance. 
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E. co~parison of HiltC3 of Photochemical Destruction of Ozone fro;';! Various 
Hechanisms 

To carry through calculations of the relative rate of ozone d8stc.:ctic:1 by the 
v<lri.ous rr.cchanisms (Ox' HO x , and NO z ) , one must have data that is not yet a'/ailable: 
the dititribution of NOx in the stratosphere and rate constants f~r HO x reactio:1s, 
in,~l'-1ding ks and k 6 • The Climatic Impact Assessment Program of the U.S. De?art;';!!:mt of 
'rranSf'ortation is currently engaged in obtaining these ntm'.bers. By use of ?:!rl:· and 
London' s 16 estimate of the NO x background in the natural stratbsp!iere a:':d by use ne';", not· 
yet publisheds , 6 values for ks and kG, ",e can estimate '''hich ~echanism.:; predo:r:inate at' 
various elevations for 45° latitude and the spring equinox. \'li th these cU:'re"t data 
(Hhich may change during the next feH months) it appears t!1at the predo::cinant p:-.oto
C~Emical meehanis~s for ozone destruction are: 

15 to 20 km, the NO 3 catalytic cycle 
20 to 40 km, the N02 catalytic cycle 
40 to 45 km, H02, HO x , and Ox mechanis~s 

about equal 
above 45 km,' th~ HOx reactions. 

It appears that bet\veen 15 and 35 km, the oxides of n{trogen are by far the most:. 
importa.!'1t agent for 'maintaining' the natural ozone balance. 

F.· Natural Sources and Sinks of NO x L'1 the Stratosphere 

Ni tric oxide is produced high above the stratosphere from the photolysis of diatomic 
oitrogen. As this n~tric oxide is transported down beloH where nitrogen is photolyzed, 
it· is. subject to the reactions 

(RI6) NO +hv ,.. N + 0 (ref. 27) 

( R 1 7) N + ° 2 ,.. NO + ° ( re f. 2 8 ) 

(R18) N + 0 3 ,.. NO + 02 

(Rl9) N + NO ,.. N2 + ° (ref. 28) 

The destruction of nitric oxide by reaction. 16 is reversed by reactions 17 a.."1d 18, but 
the Cest.ruction is reinforced by reaction 19. The net effect is a destr".lction of nitric 
oxide ~:lherever reaction 16 can occur, but at a rate .less than reaction 16 itself. 
Brasseur and Cieslik27.have identified this mechaIiism as an important· sink for nitric' 
oxide at the top of the stratosphere. 

The natural production of nitric oxide (NO) from nitrous oxide (N20) in the 
stratosphere has tentatively been identified as the most important source of stratos:oheric 
NO x • Crutzen 1 ~ appears to be the 'first one to' identify this natural source of 
stratospheric NOx • Bacteria in the soil and perhaps in surface ocean Haters produce a 
small <lmount of nitrous ox':'de as a byprbdlict of the nitrogen cycle. Unlike NO and N02, 
nitrous oxide is inert in the troposphere. It has a natural background of about 0.25 
parts t'er million in the troposphere, and this value decreases rapidly in t.he lower 
stratosphere. In the eddy dif fusion processes betl.,reen the troposphere ahd stratosphere, 
ni trous oxide di ffuses upward in elevation' and down. its male fraction gradient into t.:'e 
stratosphere •. In the stratosphere most of the nitrous oxide is ~hotolyzed 

(R20) N 2 0 + hv ~ N2 + 0 

but about 10 per cent of it reacts with singlet oxygen atoll's, Hhich are produced by 
short wavelength photolysis of ozone 

(R2l) 0 3 + hv(beloH 310 nm) ,.. O2 + o(ID) 

(R22) OeD) + M .... N. + 0 (stahle) 

(R23) 0 (In) + N2 0 ... N2 + 02. 

(R24) .O(lD) + NaO'" NO + NO 

Crl.lt.::en I 9 estimated that the flux of NO into the stratosphere from t..rlis source was 
betHeen 0.3xl0 8

. and 1.5xlO s molecules cm- 2 sec-I. This mechanism for nitric c:<ide 
production in the stratosohere has' also been analyzed l;ly Nicolet and Peeter:::~sZ3 and 
bv ,·!cElroy a:1d NcConnell. ~o The results of the thre'e investigations are su.::::arized in 
Table 2. They agree fairly well with each other and give as an average ran;;'!, (0.35 to 
1.2) X10~ molecules cm- 2 sec- 1 for the natural sourcebf NOx • 

Table 2. Natural NO x Flux in the Stratosphere' from the N 20 Mechanism 

Range of Calculated Flux 
(moleeul~s cm- 2 sec- 1x l0 8 ) 

0.3 to 1. 5 
0.5 to 1.5, 

0.25 to ,0.65 
0.35 to·1.2 

Authors 

Crutzen 
Nicolet and Peetermans 
HeEl roy and NcConnell 

(average) 

Ref. 

19 
29 
3() 

--
Ni tl'ogen dioxide and nitric acid are readily washed out by rain in the troposphere. 

,'There <J.f>pearsto be a higher mole fraction·of NOx in the. stratosphere than i:1.. t~e 
tropo5j?hE:re., Thus in any di ffusionor eddy diffusion process, NOx \"ould be tra.."1sported 

. t! 



I 
r 

I 
I 
t 
I 

t ! . 
r 

f 
I 
I. 

I 

I· 
f 
f 
i· 

• 

f:("";;~,,,: I~-.j from the strdto:;phere to the tro[.lo~;phere. T0 the: 0xt'.;nt ':[-l<lt tr(;?0s;?::c.ric air 
is i~;,·~~~d into the stratosphere. in tropical regions, the ~sount of~;0x <R tt0 
~~.!',l:'.;'):')~}~l(;rC i~ r:cduced by ~!.,,;;. in~!\..:.:> ~f relatively cl,=:u!l air~ Th'~3 CO!"7"..b'j3tic!1 p=-~C:~:;.;ie5 
ti,;!': ,.:·.':l".!rat~ NO'x in the troposphere do not ili?pear to be il s.ource of stratospheric :;Ox. 

G. Arti Ucial Iner'3aSes in Stratospheric ~jitrog'~r. Ozides fro::'. SST eY_'!a1.:.st 

'::lcrc ha.s b,~en considerable:'discussion and some contr0'/ersy 0:1 the ·a ... ::ou. ... !.t of :;O~ 
c; .. ;."- ';'_"d to be en).ittcd from the SST cj-:haust. The quantity is conve;::;ientlj' e>:r .. r;::s3erl in 
u;·.it..-i c;f graYns of NO emitted in the exhaust per kilogr.am of fa,::l burneG f0r co;-,ditions 
0:'..:::_::58 operation. The General Electric Company quoted the figure 42 g ::O/k, fuel. to 
t',;. :< ~.Jy of Cri tical Environmental Problems J 1, SCEP, but theyadd",d a footnot.~ that it: 
~i:_::.", ;;'~ a· factor of 2 or 3 les:3. In pa:i:"t on ·th.i.$ Lasis,' Johns ton! 1 used· the fi';Ju::.:e 15:. 
G :-;..:.; .·::i fuel. The Concorde is said to emit 12.5 g tIO/kg fu<.::l.12 0:1 tr,e t'lsis of t~sts 
~i::',_:~'!~ing t~e actual stratosphere, Forney3) has give..., a tentative estir:-cate of 7 g c;O/~g 
f'_'::':" Exp<!rirnents on engines similar to but not id'::ntical ,·lith SST engi"es, H~;;'da.t'"sJ· 
f.-:.-~=-.-::' d range of 20 to 30 g NO/kg fuel. Ferri 35 estir'.ated that current or l?re';ious 
- .. , ;.i of SST engines \'iouldernit bet'.Jeen 15 and 70 g :;O/kg fuel, b;.:.t. he f~rther st~ted 
'.:::'1',: .~:: SST engines 'tlere redesigned for the purpose of !:',inirozing !:O e:-:ission. t.."les~ 
e::-lS:; i.cns could be reduced several hundred fold lower than existing engine3. In vie'li of 
tr.is ·.iide ral1ge of estimates, one might ta:':e 7 to 20 g ~;O/kgfuel as' a reasona;:,le estir::ate 
of '."';:;'!t should be expected from the' 1971 version of the A;r.erica."1 SST. 

,\ccordlng to the Australian Acaderrr./ of Sciences 32
, the fleets of Concorde in 1985 

\·;a-.dd constitute a world ',-ride average flux of NO in the stratosl?he~e of l02xlO~ k1'/day. 
Ti:.i.s source strerlgth corresponds to a world-\-lide average of' O.SxlO" moleeules=- . sec- 1 

T;I~ ",'.'",rase range of natural source strength of NO x as given in Table 2 is 0.35 to 
1.2.:10" molecules cm- 2 sec- 1 Thus it can be seen that the artificial source of ~jOx: 
from t~e Concordeis about the same size as the current estimates of the natural source 
of ;JO..... The American. SST would burn fuel at about three times the rate of the Concorde. 
If it; emission index is the same as the Concorde, the American SST would increase 
s!:ri:!t0sp!-1e:ric NOx by about 1.2><10 8 molecules crn- 2 sec- 1 as a world-',.;ide average. This 
fiqure is equal to the upper range of the average estimates of the natural source in 
Table 2.· If the large figures mentioned by McAdams or Ferri are appropriate, 500 A.:>.erican 
SST \':auld constitute a world-wide source of stratospheric NO substantially greater tha.l'l 
the :r,a:..:imum natura,l rate as given in Table 2. At latitudes of high traffic density, t..'1e 
region.:ll errission rates would exceed the world-wide average emission rates discussed 
abov,!. In many design problems, some safety factor is invoked bet'lleen the expected 
centC'2.'_ figure and an acceptable target figure. At present the central estimate of the 
e.ff8ct of full fleets of SST (conventiona11't' taken to be 500 for purpose of calculation) 
is that they would more or less double the natural source of NOx in the stratosL=lhere. 

Table 3. Estimates of worldwide averages flux of NOx from 500 SST 

Estimated flux 
-2 -1. 8 (mOlecules em sec '10 

O.S 
0.7 
1.5 

2 to 3 
4 •. 2 

Concorde (1972) 
. Forney (1972) 
Johnston (1971) 
HcAdams (1971 ) 
SCEP (1970) 

0.5 to 2.0 (Probable range) 

Ref. 

n 
33 
11 
34 
31 

J.ne quantity of NO x in the stratosphere is not the whole stor'i_ T:'e d.istributio~ 
of ,,;0 ... , both naturally and as it would be after full scale SST fli~ht5, is equally as 
-imo0=~·a.-;.t as the quantity of NOx ' In one simple model calculation'!, it ,,,as -show:1 t..":.at 
a-fi:{ed quantity of NO x (added globally to an assumed naturalback;rou::d of ~,Ox cO:ltaining 
t:"ree tirr.es as much O:;0x as the artificial increment) could reduce a local steady-state 
vert-ical column of ozone anywhere bet\-leen 3 per cent and 50 per ce .. -:: G.2?e:1:!ing on t..'1.e 
distribution. of the added N0l(. Although steady-state calculations are not. realist.ic 
en:)u;h to warrant detailed conclusions, this study was surely correct in identifying ':.h.e 
impo;.:;:an.ce of NO x distributions in this problem. A Horld-l~ide, high~y co::strainec 
v€!rtical distribution gi·.res an "overkill" or ozone in a narrO'.-I range of elevation, n·;) 
con':i'tct ',·,ith ozone elselvhere, and thus a small effect on t.~e ozone ';er-::ical eolu.:-:-.n. A 
hiah 1': constrained (10 fold local maximum) horizontal distribution · . .;it::' a no:ierate (10 
/;:;:i~\·:':';.lOl) vElrt:.ical spread gave maximum ozone destruction and a factor of t·,;o reduc':io:1 
of tiL: lecal ·ozonecolumn. Both a highly constrained vertical distribution an::! a t2:1-

fcle. "local maximum" over latitudes of high traffic c.ensi ty seem to be ?::'ysically 
'lr,re,:l30aable,. but the great difference bet"een these extrer.'e cases ,?oi:1ts '.:? ;:::'e i:r.pcrtance 
of d0t:ermining tr0x distributions in the stratosphere. 

?;-,e conclusion to this section is that 500 SST (i!''.clu:ling the Co::corc.e) ;:-:::-=ise mare 
0r lS:S'3t:O double t:le rate of input of the oxic.es of nitrogen into the stratos:>::'ere, but 
t:-.,c: ,::,:?~cted magni·tude of ozone reduction is a very complica.ted prcolem' r(!quir~ng muc..'-l 
;~0rl~ 3c.udy before a satisfactory answer will be found, 
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