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Ozone is pr od uced bv t he ph otodissoc ia t ion of molecu lar oxygen and c an be destroyed by several 
reactions involvi ng the n i t rogen - hvdrogen - oxyge n atmosph er e . In t he l ower part of t he s t rat osphere , 
and for photochemical cond i tions, an important 1088 o f ozone is due to th e NO reactions. Nitric oxide is 
formed in the stratosphere a f ter dissociation of nitrous oxide by the excited oxy gen atom 0(10 ). The 
formation of nitric acid i & possible hy the pre s ence of hydroxy l rsd ica l s . Therefore a carefu l st udy of the 
hydrogen atmosphere il necessary . Water vapor, methane and mol e cular hyd rogen have 8 n i ndirect influence 
on the ozone distribution in the stratos phere . 

1 . INTRODUCTION 

The aeronomY of the stratosphere has been studied with much attention for many years by different 
authors (see for example Nicolet r 1], 121, [3]) but an increased attention has been given to these problems 
since it has been pointed out that high altitude aircrafts could have an i mpac t on the earth's climate and 
on the U.V. radiation intensity at ground level. 

Before trving to estimate the t!lBgnitude of such impacts, it is necessary to clearl y understand 
the physical processes of the natural stratosphere. Many important questions still remain unsolved, e . g . 
transport mechanisms, specially through the tropopause; important reaction rates and absorption crOBS 
sections are not known with enough accuracv . 

The purpose of this paper is to show that the problem of the stratosphere can not been s olved 
without a good unde rstanding of its photochemistrv and the introduction of most minor conatituanta. A 
special attention will be devoted to the nitropen oxides ch emi stry . 

2. PRODUCTION AND DESTRUCTION OF OZONE 

The minor constituant which plays the ma j or To le in the stratosphere certainly is ozone which is 
produced from the photodis80ciation of molecular oxvgen for radi a tion of wavelength shorter than 242 nm 

0+0 

It is destroyed by react i on 

or bv photodissociation 

These rea c t i ons have been proposed in 1910 bv Chapman [41 a nd explain the presence of 8 maximum of the 
ozone concentrat i on in the middle of the stratosphere. But the obtained concentrations are to o high c ompar ed 
1.I i th most experimental data ~ inc e other loss processes have been olmlited . In the upper stratosphere and 
above the stratopause, odd oxygen i s destroyed by hydro~en compo unds (Ba ns and Ni colet [ 5J) 
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and is re\ re se~ted_Qn fig. ~ for an o~erhe~d sun .. Its integrated vAl ue between HI a~ 5C, k", is af t h~ order 
o f 4 x 10 3 cm 2 s 1 but sll gh tlv var Ies wIth latlt ude and season Slnce the penetratIon of solar r ad latlon 
depends on the ozone content which is larger in the polar regions than near the equator. 
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Fig. 1. - Produ c tion rate of odd oxvgen for an overhead sun. 

The loss rates of ozone are respect ivelv give·n for the Chapman reactions by 

2 .I] k) n2(0)\ 

k2 n('1) n(02) 

for the hvdrogen compounds reactions hv 

.13 n(lll) 

k2 n(l'1) n(02) 

and for the NO reactions hy 
x 

J) h) n(~02) nCO)) 

k2 n(M) n(02) 

The loss rates 11 and L, are representrd on fi~. 2 for ~id-Iatitude conditions 2nd using respec
tivelv 10- 9 and] x 10-9 as NO~ mlXln, ratin. ~ate I~ has not been represented since the rate constant s 
",) anrl a7 snrt the llO" distributions are nnt .... ell kno;m. Nevertheless, order of magnitude cal culati ons 
'how that L2 can be ne~Jerted in the ~aior part of the stratosphere compared with Ll and L).The inte g. rate d 
loss hetween 10 and 50 km gives for LJ 1.7 x : 0 11 cm- 2 5- 1 and for L2 6 x 101 2 om- 2 .-1 and 1.R x 1011 
cm- 2 s-I if 10-9 and) x In- 9 Bre used again for the ~02 mixin~ r a ti o . 

1. THE HO CHF.I.fI STRY T'-! THF STR ITOSPHFRf: 

" 
'nle rroduct:lon of oxv~en a t oT":!; tL" their l e ctronici:ll1v excite d 10 ~tatf' r1avs an important r ole 

in thE s trat osphe ric aPTonorV. 

0, + h'; (I < lin om) 
-' 

1 

0, • h'J (l < tloo nT'l) • O( 'n) 

h prec i se rie terminati oTl of the o( l r)) distrihlltion depends on t he quantll~ ~ield of these processes. According 
to Oe!'1,'r<> ann R"r ~ r I Al the qu"ntum effieienc" at ) < )10 nm is equ., 1 to unity and it sharply decreases over 
t h i$ limit_ ,\t 3)4 nm (Jones and ~'a \'ne! 9J), the photodissociation of ozone leads (00(31') a toms only. In 
ou r model.", t""o extre m~ va lues have heen tlsed in order t o IT'ak€' a sen!'litivltv evaluati c n . We prefer the 
ITl liximum value since nelJ meAsure~e nts h" S;. !lI on<=titis ~!._~! l In) i ndicat.e a q uantum efficienc v o f n bout n.5 
at 313 nm. 
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Fi g . 2. - Loss rate of ozone bv the Chapman reactions (Lo) and bv the NO x react .ions 
(J'NOx) for mid-l<ltitudc condicions and an over he ad sun. LNOx h as bee n 
computed usin~ the constant values of 1 and) p pbv as N02 mi xing rati a . 

The O( 10 ) atoms are quickly cle"troved bv quenchin~ wah °0
2 

and NZ but a fr'lct ion of t he • ." 
dissociate water vapor, methane and m()lecular hydro~en to produce Rand li radicals 

li
2

0 + 0(\) OH + OH- (v - 2) + 28.8 kcal 

CH
4 

+ O( ID) ell) + OH*(v , 4) + 4].5 kca i 

H2 + O( I n) H + OR" (v. ' 4) + 43.5 keal 
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In the stratosphere, the water vapor mixin~ ratio remains constan t and is of t he o r de r of :) ppmv. I"et ane 
is produced at 1'!round le ve l, diffuses u pward and is di ssoc i a ted b v OH or 0(1 0). Its mixi ng ra t. i o at t h e 
tropopa us e is o f the o rd e r of I.'> PPMi/o Th e corr espondin~ vahle f o r mo le cula r hvdroRen is 0. 5 ppmv . 

Ot er reacti o ns invo lvi n" OH, H ann H0
2 

mus t he intrnclllced in n rdey- to det er mi ne the eq u ili b riu m 
c ond i tions between these rad icals (fi~. 3) : 

- H formation and OH destruction: 

(a~) ; OH + 0 
°2 

+ 1I + 16.6 kcal 

(a 36) OH + CO CO
2 • H + 24 keal 

- H0
2 

formation and I! destruct i_o n 

- H0
7 

for mation and Oli destruc tion 
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H20 
CH, HN0 3 Y202 
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Q2S-----+NO - ---J 

Fi,. 3.- R2action sc heme sh owing the n H - H - H0
2 

c yc l e i n th e str a t osph e r e. 

- OH formati o n and H destruction 

H + 0 
) 

0, + OR* ( v 9) • 77 kral 

- OH formation and 1'°2 destruction 
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These different mechanisms have been 5tudied "'ith i'r.,at attenti o n b v several autho rs (~e. e.?- . 
Nicolet [2J) and won't be discussed in detail here. How.ve.r, it can easilv be seen thAt the r a ti o 
n(H0

2
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"16 n(Cn) 
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In the upper stratosphere, it simplv hec.omes 

and near 
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Th;.' ratio, whi ch rlavs a maior role in the s tratospheric photoc h e mistI'''' and spe ciallv ( see below) on 
r l itro~pn oxiries and acids cannot be c0 rr rc tlv evaluated since the rate constants as and a7 and the co nC ~n

trations of carbon monoxide, nitric o xide and hydro~en peroxide are not known '.dt h t~nough precision. HO\J
ever ,",orki n),! values have been used, namelv 1 and 9 f o r t'1E "CH0

2
)/n( flH ) t-., t lo _ 

If ',",,, finall " intH,ct\lce t h~ net loss me"hanism.< of HC'x ref o rMin g water va p o r 

OH + OH 
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the Rlobal b a la nc e equati on f o r H". can be ~r itr en 
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Tn .. !!lO re de t a i led ~rudv. n i t ri c Aci d s ho u ld a l~ o be i ntrod u ced i n r he H" prob lem since, as it 
wi ll b e " een bel o~. it con tr i bues to t he OH f ormA r ion and destruc ti on. Nevert he l ss~ i r c an b e s e en that 
t he 011 concentr8tion clo s e 1·! rlep nd s on the ni t ro~en and th carh on oxi d es chemi s trv ~hi ch mus t b e stud ied 
~ith mu c h a tte n ti on. ( s ee for examp le IIraSH u r a nd Nic o let [ III a nd Ni c olet and Peete rman [1 21 ). 

4 . THE NO PHOTOCH~ I STRY IN THE STRATO~PIlER F. 
x 

It was beli eved until a fe~ 

wa s due to its production ahove 90 k 
Nicolet r 21 has i dentifi e d an in si tu 
atom 

•• 0 0(10) " '2 .. 2 NO 

associated ~ith 

.. 

v ears a~o th a t t he r re e nce of n it roge n oxide. in t he stra t os phere 
a nd i t s downwa rd tran s por t by e dd y di ff usion . Ilo~ever. i n 1970, 
, u r ee of NO due t o the d iss ocia t i on of nitrous ox i de by 10 o x y ge n 

The s trarosoh eric producti on of NO is thus given h v 

Nitrous oxide is formed bv b a c te r ia at ~round level and diffuses into the stratosphere. But. dur i ny. 
,jllvtime. it i . rh o t odisso c i a t ed by s ol a r ra d i a tion and a bou t ten r er c e n t o f it i. destroyed h v r e ac t ions 
(b

3S
) and (h)q). 'The N

2
" d i5 tr~huti on is rhu s Ye n ' sensi t i ve t o t h e t ransport cond i t i ons ; th e ed dy flu x 

o IS related t o the c o nc entration n h v 

I
, a n n n 

~ ~ -K -+ - +-

'z H T 

,,·he teH is the <lt l1\Osph eric scale hei~h t and T the. temperatur e . :n the tropo sphere ~ where_fhe mea~ residenc e 
tune L5 I month. th e adopted value f or the e ddY ch ffusl0n coeffiCi e nt Ii IS 2 x 10 cm 2 s . 3But In the ~ 
stratosphere, yhere the me a n residenc e t ime va rie~ hetween I t o 2 vears, a value bet ... een 10 a nd 104 e m 
s-I must he adopted. Since there a re variat i on s ~ith season and lati tude. t'"'O anal : .. tical prof i Ie. (I(min and 
Kr" ..• x) ... hi c h seem t o repre s ent a cc eptab l e value s have b e en chose n (fi ~. 4 ) in o r der t o estimate the s ensitivit y 
of the profiles t o the transpo rt i ntens i ty. 
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The vertical di st ribut ion of the NO production (fi~. 5) dep end . not only on the eddy diffu siv i ty 
pro fil e but also on the o~one d i s tr i b u t ion a nd the effic i enc y o f its ~hotodissQciation to fo rm O(l D) atoms. 
The ~o prod uction rate reach e s a ma xi mum value of the order of 100 cm &-1 in the middle of the stratosphere. 
The values rerresented on fi~. 5 have been divided bv 2 in order t o t ake into account the day and night ef fect . 
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Fig. 5 , - Vertical dist rihution of NO pro duct i on f or va rious stratospheric c o nditions . 

The total ~o prod uc tion bv r e a ction O(lD) with N, n i s about (1 . 5 + I) x loB cm
2 ~- l ( Ni colet ~nd 

Peetermans '[ 13]'), which is the same orde r of magnitude AS the artifi c i a l production b y a conve n ti onal fleet 
of S(lO SST .. ircrafts (134 equiped with 4 enf1;ines and 11)6 with 2 eng i nes), flying 7 hours a day and emitti ng 
10 ~ 2.5 I'.rams of NO per ki lo!(ram of f uel consumed . 

As soon as it is produced .3 fra c tion of the NO molecules are converted into N02 molec"les by 
reaction (h~) which is As"ociated loIith (b)) and (JN02) (fig. 6). Since the lifetime of NO, is very short 
nuring davtlTTle, l'hotnchemical c o nditions can be accepted and the N02/NO ratio is )'iven bV"(fig . 7") 

fig. 6.- NO - N02 CYcl~, 



E 
-'" 
I.IJ 
,0 
:::> 30 -
~ 

20 

10 

-2 
10 

-I 
10 

NO] - NO RAT 10 

S1 RA TOSPH ERE 

sec X :0 2 

1 
to 
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In the lower part of the stratosphere where the oXV Ren atom concentration is 6mall . the r a t io is 
proportional to the ozone concentration and its order of maRnitude is one, Ahove 35 km. where J NO ? cc b, n(O). 
the ratio decreases rapidlv to reach less than 0,05 at 50 km, Durin~ nighttime, NO is completely converted 
into N02 ' 

In the upner part of the stratasohere acd ahove the stratopause, the photodissociation of NO must 
he considered as an i T!lf\ortant loss process for Ox (Brasseur and Cieslik 1141) since l.Ie have (fig. 8) 

N2 + hv I etc ... 

JNO '----- + hv ___ oJ 

Fig. 8 . - Impor t ant reactions involv ing S a nd ~o in t he mesosphere and stratosphere . 



NO + hvp < 191 nm) !'! .. 0 

N + N() o + Nl ~ 75 keal 

o .. Nn • 12 kca l . 

The most i mportant contri buti on to tf>e ohotodiss oc iation coeffi c i ent J
NO 

i s due to the predissoci· 
ation i n the 6 b~nd s , mainly the 6(0- 0 ) and 6 (1-0 bands since the [ band have been shown hv Callear a nd 
Pilling \151 not to be predis90ci n ted and since the 8 and y and s have very small absorption coef fi c ients. 
In t he s pectral ran~e that mu,t he con~ider. the ~b .o rption of th e solar r adiation is due in part t o the 
Seh~nn-Run ge bands of molecular o xv~en. So , a l ine hv line inte grat i on is nec es aarv i n order to compute 
t he J NO coe ffic i en t (fi$'.. 9) ... de tai l ed a nal s is o f t h i s ques ti on has been per f o rmed b y Cieslik and 
Nicol et (lill wh o have s hown that i t is not possib le to ded uc e eouivalent ave r a!!e cro ss s ect i ons ..,hicn are 
no t al t i t ud e dep endant. 
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Fig. 9.- Photodissoeiation coefficient af ~o versus altitude for an overhead sun and a 
zenith an~le of 60' 

The net loss rate of nitro~en oxides t(NO) is given hv 

1.(1'10) 

and is re"resented on fig. 10 ",here it is compared "'ith the production and transport rate. 

In the middle and lower stratosl"lhere, other chemical reactions involving odd nitrogen ato",s in 
polvatomic molecules must be introduced. The most important const i tuant rertainlv is nitric aci d on ..,hich 
we shall confine our attention ( fip. 11). 

This conRtituant is mainlv produced by the reaction 

'I 

whicll can he considered as 2 three hodv reaction above 20 km and a two body reaction at sufficient high pres· 
sure. 

Nitric ,1cid 15 destro"f'd hv hvrlroX"1 ranieal. 

H (J • NO 
.? ) 

and is rh otodissociated bv ultraviolet li~ht 



E 
:tt. 

UJ 
0 
:) 

l-

t-

....J 
<( 

1 o ( DI"'AX S .C X " 2 

l 

P 

30 
L -- 3)( 10-8 

20 

01 

STRATOSPHERE 

-p- PRODU CT ION 

TRA NS PORT 

LOSS 

3 II 10-9 

31110-8 at 15 km 

10 100 

Fig . 10 .- Prod uc tion, transport and IOiR rates which can be considered as t he most 
probab le in the st ratosrhere. The pr oduc tion te rm m~ v i nc r ease in t he lo~e r 

nart of the strato 8phe r e bv the c osm ic ray effec t. 

+ hv --------' 

fi~. 11 .- Rea c ti on scheme sho~ i ng the fo r~a[ io n an d destruc t io n of 
nit ric ae i d . 

7-Y 



7-10 

with a ~"antum yield w~:ich seems to b. equal to '.mitv in the 190-300 nm spectral r a nge (.Johnston, priva tE 
c ommunication). Those reactions cannot be c onsidered as net 1 0 5 5 processes for odd n i trogen since t 'her e is 
a reformation of nitro~en di-ann trioxides. 

The absorption cross section~ of HNO has been measured bv Dalmon 117 J , Johnston and Graham 1 iS1 
and S iau,"" 11 9) • From these data, th e Pho todi s ~ociation coefficient at ~e ro op tical depth is found to be 
1 .7 x 10- 4 5 - 1 for I • 185 - )45 nm, I t s varia tion with altitude i~ repre s ented on fig. 12. 

so 
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Fig. 12.- Photodissociation coefficient of nitric acid versus altitude for different 
values of the solar zenith angle and assumin g a quantum efficiencv equal to 

one. 

Considering photocheMical equilihrium conditions the rarlo between the HN03 and N02 coneentrati or. 
is given bv 

n(HN0
3

) 

n (NO
Z

) J 0 + b?_7 n(OH) 
HN 3 

and is represented on fig. 13. Durin~ daytime, the ratio is lar~er than I in the lower stratosphere but it 
decreases rapidly above )5 km. It must be pointed out that the hydroxyl concentration plays an important 
role since m-101 and thus N02 and NO are very sensitive to Of!. The hydrolten-ol<Vgen atmosphere must thus be 
studied carefully since an lntroduction of water vapor or methane in the lower stratosphere reduces the 
concentration of nitrogen oxides . An example of calculated NO, N02 and HN0

3 
distributions is shown on 

fig. 14. 

In order to treat the general problem of nitrogen oxides, NO) and N
2
0

5 
must also be introduced. 

Their principal reactions srI' (see Brasseur and ~,icolet [111) 

(h
9

) ; N()2 + 0] NO) + °2 

(b 10) ; NO) + hv )10
2 

+ ° 
NO + 0 

2 

(h 11) NO) + NO 2 1W
2 

(h 12) NO) + N02 + 1'1 ~ l (l 
2 S 

+ '1 

(b) I ) N
2

0
S 

+ H
2

O 2HNO) 

(h 32) N~O .. NO:> .. NO, 
~ ) 
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Pho tochemical as sump tion s ~ive 

and 

hg nC O) ) n(N0
2

) + b
J2 

n( N
2

0
S

) + b
27 

n(OH) n(HNO] ) 

h lO + hll n( NO) + b
l 2 

n(N0
2

) 

b
l 2 

n ( M) n( ~02 ) n(NO] ) 

h1 2 + h11 n( H20) 

5. CO CL SION 

The e ffe ct o f nitro lZen oxides o n ozone cannot he n e g l e cted i n t h e 1000Ier stratospher e . In g e ne ra l .• 
t h e NO chenistr v Crtn he exp l a i ned consideri n ~ o n l y the oxy~e n a t mo sph ere. !! o~eve r, h vdrogen compou nds pl ay 
an i mp ~rtant r o le i n t he fo r ma t ion o f ni tric aci d h y OH a n d t h r e f o r e th ere i s a n e e d t o introd u c e a ll 
ae ro nom ic reactions dealin g wi th t he fo r TUil tion a nd rl es t rll c tion o f hydroxy l and hvdropero xv l rad i ca ls . since 
the rati o between the OH an d H0 2 d istri b ution is sens i tive to the nitrogen and c ar bon o xides chemistry, a 
general aerono mi c mode l of the stra toRph e r e mu st he h uilt. 

Ne ... • v alues o f the i mpor tan t rate cons t. ants and c ross sections '..lith qllant um y iel d .s are needed as 
well as ne '" observati o na l data s uc h as the re ce nt me a surements o f NOo hy Acke r man and Mul ler ( 201 o f HNO) 
b Murcra" ~~_~ ! [21 1 o f NO? a nd HN O] h,· Harr i es [ 2 21 of CO bv Se i l ei' and Warneck [ 231 and o f CH

4 
by 

Ehh a l t and Hei.dt 1241. -
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A. Goldburp, 

Discussion on the Paper 

CHEMICAL KI NETI CS IN THE STRATOSPHERE 

(Paper 7) 

;>resented bl;' 

G. Brasseut' 

This question app l ies to all of the NOx chemistr" papers . ;.Ihat is the implicatior. or nex t 
step if Schiff's data, table 7, paper 1 , NO concentration in the stratosphere equa l to 0.1 ppb, 
turns out to be correct ' 

G. Bra s seur 

There is .till an uncertainty in the N0 2 - HNO] r a t io since it is ver 
h~droxv l r8dical~ conc entration which is not well known at t he tropopause leve l. 
values of NO, N02 and HMO) could sli~htlv chan~e if the OH concentration used in 
modified. 

sensitive to the 
Thus the calculated 
our model ha~ to be 

Rut he fore trvin~ tc explain Schiff's data bv the theory, we have to wait for other 
measurements, for example the data obtained with Girar'd and farmer's instruments. Pnllirninarv ~ata 
Seem to show values of NO which are hi ~her th"n the results communicated bv Schiff. 
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