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AERONOMIC CHEMISTRY OF THE STRATOSPHERE* 

3 Avenue Circulaire, 1180 Brussels, Belgium 

(Received 30 March 1972) 

Abstract-In the stratosphere, dissociation of H20, CH, and H, is brought about, mainly by 
reaction processes with excited oxygen atoms produced by the photodissociation of ozone. 
A discrepancy noted between theoretical and observational concentrations of OS in the upper 
stratosphere suggests two possible explanations: solar radiation fluxes for 0% photodissociation 
which are too large along with too large rate coefficients and absorption cross sections or 
ozone reduction brought about by the effect of hydrogen compounds or of nitrogen oxides. 

The reaction of the excited oxygen atom with methane and nitrous oxide leads to a destruction 
of these two molecules in the stratosphere which corresponds to a production of carbon 
monoxide with water vapor and of nitric oxide, respectiveiy. The vertical distribution of 
water vapor is not affected by its dissociation in the stratosphere since its reformation is rapid. 

The fact that the ratio of the hydroxyl and hydroperoxyl radical concentrations cannot be 
determined with adequate precision complicates the calculation of the destruction of ozone 
which occurs through reactions of OH and HO, not only with atomic oxygen in the upper 
stratosphere but also with CO and NO in the lower stratosphere, respectively. The same diffi- 
culty arises in connection with the dissociation of nitric acid molecules formed by the reaction 
of OH and NOz; destruction processes by photodissociation or by reaction with OH are not 
yet known with precision. Another difficulty, of a different kind, is that the nitric oxide 
concentration is not well known at the stratopause level. 

1. ~RODUC~ON 

Theories of the ozone distribution in the terrestrial atmosphere have been given by 
Chapman (1930, 1943). He first considered the bafance between the formation and de- 
struction of ozone in relation to its regular daily and annual variations. The atmosphere was 
considered as static without horizontal or vertical transfer of ozone. Any reactions with 
nitrogen or other atmospheric constituents were ignored. 

The introduction of hydrogen compounds in the photochemical treatment of the ozone 
problem by Bates and Nicolet (1950) led to the first indication of a possible action of hy- 
droxyl and hydroperoxyl radicals on the ozone distribution, especially in the mesosphere 
where the photodissociation of water vapor and methane occur. Furthermore, in the 
stratosphere, the reaction of H,O with the electronically excited atomic oxygen in the lD 
state (Cadle, 1964; Hampson, 1964) leads to the possibility of its dissociation in the 
stratosphere. The con~ntrations of O(rD) produced by ozone photolysis in the stratosphere 
and troposphere are su~ciently large to lead to OH radicals (and H atoms) not only from 
water vapor but also from methane and molecular hydrogen. Finally, the action of nitrogen 
oxides on ozone (Crutzen, 1970; Johnston, 1971), may be considered in the atmospheric 
ozone equilibrium. However, the formation of nitric acid (Nicolet, 1965,197Ob; Johnston, 
1971) seems to be the mechanism responsible for the removal of nitrogen oxides. 

II. TEIE OZONE FORMATION 

The equations governing the rates of change of the concentration of ozone and atomic 
oxygen, n(OJ and n(O), are 
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and 

dn(03) 

which lead to the general form 

‘* + y + 2k,n(M)n2(0) + 2k,n(O&(O) = 2n(0,)Jz. 

In these equations, Jz and J3 are the photodissociation coefficients of 0, and Oa, 
respectively, 

fJ& O,+hv--+O+O (4) 

(53); Os+hv-+O,+O. (5) 
The rate coefficients are 

(k,); O+O+M+O,+M (6) 

&I; O+O,+M-+O,+M (7) 

(ka); 0 + 033202. (8) 

In the stratosphere, Reaction (6) takes place very slowIy and can be omited in all photo- 
chemical discussions of stratospheric ozone (Bates and Nicolet, 1950). Furthermore, atomic 
oxygen is always in photochemical equilibrium with ozone. Therefore, the rate of change of 
n(0,) in the stratosphere becomes 

(9) 

Introducing the time T,JO,), necessary to attain 50 per cent of the photochemical value 
n,(O,), the following equation is obtained 

~~(0,) = 0*275n,(08)/n(O~J8. (10) 

With numerical values (Table l), it can be shown (see Fig. 5a) that photochemical equilibrium 
can be adopted for n(0,) at the stratopause. From (9), the following equation 

n*2(0J = ; (W 
3 

~(~)n2(02) $ 
3 

represents photochemic~ equilib~um conditions in the stratosphere for a pure oxygen 
atmosphere. The numerical values of the ozone concentration n(0,) depend on the ratios 

Mk, and JalJw 
TABLE 1. ATMOSPHERIC PARAMETERS XN THE STRATOSPHERE 

Altitude Temperature Total concentration Ozone (example) 

(km) (“K) (cm-*) (cm-8) 

15 

z 
30 
35 
40 
45 
50 

211 3.9 x 10’8 1.0 x 10’2 
219 1.7 x IO’@ 2.9 x lOI* 
227 7.7 x 10” 3.2 x 10” 
235 3.6 x 1OX1 2.9 x lOI2 
252 l-7 x lo”7 2-o x loI* 
268 8.1 x lo** 1-o x 10’8 
274 4.3 x 10’6 3.2 x 10” 
274 2.3 x 10’8 1-o x 101’ 
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The ratio k,/iE, is not yet known with sufficient accuracy for aeronomic purposes. 
According to Clyne et al. (1965) the following expression for k, represents their experimental 
data over the temperature range 188-373”K, (if M = N,, O&, 

k2 = 3.7 x Io-S5esoo~r cm6 se&. (12a) 

From Kaufman and Kelso (1967) the result is 

k,(N,, Ok) = (5.8 f 1.0) x lo* cm6 se& (12b) 

for T = 300°K. Other measurements (Hochanadel et al., 1968; Mulcahy and Williams, 
1968; Donovan et al., 1970) lead to various values of the same order of magnitude, 
indicating differences of about a factor of two over the temperature range 200-300°K. The 
value recommended by Johnston (1968) is (see Fig. la) 

k,(N,, O,& = l-85 x 1Ve1050’T cm6 se&, 

0 t 02+N2,02-O3 +M 

J IOHNSTON 119681 

C CLYNE, MCKENNEY, 
THRUSH 119651 

D DAVISl1972l 

+ KAUFMAN, KELSO (19671 

I. 
IO“ 

RATE COEFFICIENTlcm6molecul~-Zsec-‘l 

FIG. l(a). EXPERIMENTAL VALUBS OF THE RATE COEFFICIENT kl (cm6 set-I) OF THE THREE BODY 
REACTION OS + 0 + ikf* 0, + M WHEN THE THIRD BODY IS Ns (4/5) AND 0,(1/s). 

while a recent measurement by Davis (1972) between 200°K and 346°K leads to (see Fig. la) 

k,(NJ = (1.1 f 0.7) x 1034e+‘S00*60)‘T cm6 set-l. (12d) 

A comparison made between (12a-d) is illustrated in Fig. la over the temperature range 
150-300OK. It shows that there is a difference of about a factor of 2 at 225”K, reaching a 
factor of 4 near 160OK. At 300°K there is good agreement between the various measure- 
ments (cf. Kaufman’s and Kelso’s data). 

As far as the rate coefficient k3 is concerned the value recommended by Johnston (1968) 
is 

k3 = 2 x lO-lle-239UT cm3 se&. (13a) 

Recent measurements over the temperature range 200-300°K by Krezenski, Simonaitis and 
Heicklen (1971) leads to 

k3 = (1.1 & 0.2) x lO-lle-(2150*100)/T Cm3 3eC-1 
Wb) 

and over the temperature range 269-409OK by McCrumb and Kaufman (1972) leads to 

k3 = (l-05 f O-88) x lO-lie-(2150fsQ~T cm3 se&. (13c) 
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Expressions (13b) and (13~) lead to the same numerical values below 200°K 
difference with (13a) is about a factor of 2 (see Fig. lb). 

EZENSKY ,SIMONAIl IS, 
HEICKLEN 119711 

K McCRUME, KAUFMAN (1971) 

where the 

RATE COEFFICIENTlcm3molecule“sec-11 

Era. l(b). EXPERIWNM, VALUES 0~ THE RATE COEF~~ENT k, (cm' S~C-~)OF~REA~~N~ 

O-i-O,-,ZOn. 

Therefore, using (12d) with (13b) and (12~) with (13a), the ratio kinks which plays an 
important role in Equation (11) can be w&ten, 

and 

k,(Davis) 

k,(Heicklen) 
= (1.0 f 0.2) X 10-23e’2*60~250’lT cm3 

k~(Johnston) 

k,(Johnston) 
= 9.26 x ~O-25e3445’r cm”, 

(19 

Wb) 

respectively. Differences of a factor of about 5 and of about 2 occur at 200 and 270”K, 
respectively, as it is shown in Fig. lc. A special and careful analysis of the ratio k&k, over 

I I It,, 

300- 

2so- 

200- 

k2 /x3 RAT IO km3 molecule-1) 

JM. I(c), EWEIUMENTAL VALUES OF THE RATIOS OF THE RATECOEFHCIENT k* AND k, GIVEN 
IN Fig. la AND Fig. lb. 



AERONOMfC CHEMISTRY OF THE ST~TOSP~~ 167.5 

the temperature range 150-300°K is required for the analysis of aeronomic processes in the 
stratosphere and mesosphere. 

As far as the photodissociation coefficients are concerned, it seems that new observations 
of the solar radiation are needed in the 2300-2000 A spectral range where 0, is photo- 
dissociated. The photodissociation coefficients J2, which are given in Fig. 2, depend on the 

SOLAR FLUX 

I 
e=z 
0 Id’ c 
7 
x 

g 
i? DETWILER et a, 11961) 

ti 

s 
t’ BONNET 11968) 

e 
0 PARKINSON &REEVES 

0. 
IO’l * WIDING et al 1197Ol 

- THIS WORK 

,900 2000 2100 22clil 

Pm. 2. 

WAYELE~GTH 1%) 

O~RVA~ON~ DATA OF SOLAR RADIATION IN THE 1800-2250A SP)KTRAL 

ACCORDING TO ACKERMAN, FRIMOW AND PASTXJ3I-S (1971). 

RANGE 

U.V. solar flux data (Fig. 3) deduced by Ackerman et al. (1971). Using the data tabulated by 
Ackerman (1971) and a ratio k,/k, equivalent to formula (14b) (Nicolet, 1970), the results 
obtained are shown in Fig. 4 indicating that the theoretical values of the ozone concentra- 
tions are greater than the observational values (Krueger, 1969 ; Hilsenrath, 1969 and 197 1; 
Randhava, 1971) above 30 km. 

It is clear that it is possible to decrease the theoretical value n,(O,) if the recent ratio 
k,/k3 obtained from (14a) is used instead of the ratio (14b). Furthermore, two other 
additional factors must be considered: either a decrease in Ji or an increase in the effective 
value of J3. A decrease in J, may be due to a simultaneous reduction in the photodissocia- 
tion cross sections and in the solar flux over the 23~2~0 A spectral range. A careful 
analysis of the spectral absorption in the Herzberg continuum is required since the absorp- 
tion cross sections are very small (Ditchburn and Young, 1962; Shardanand, 1969; 
Ogawa, 1971; IIasson and Nicholls, 1971). A reduced solar flux has been suggested 
(Wilson, 1966). A reduction in the effective value of J3 may be due to an effect of HO, 
(Hampson, 1964; Roney, 1965) or of NO, (Crutzen, 1970; Johnston, 1971). Instead of 
(11) an equivalent equation may be written as follows (Nicolet, 1970, 1971). 

n*2(0,) = ; n(M)n2(0*) J2 
3 J,O + -4) 

where A is a correction term of the form 
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L.lOXlO‘ L.K)X104 
WAVE NUMBERkm-‘I 

EtO. 3. hroToDLSDCIATfON COEFFICIBNlS OF MOLECULAR OXYQEN IN THE STRATOSPHERE POR 

SPECTRAL RANGES CORRBSPGNDING TO hv = 500 cm-’ BETWEEN 2400 AND 2000 ii, 

PHO~OCHEMICA~ 

EQUltlERlUM - 

CONCENTRATION kd 

FIQ. 4. OZONE CONCENTRATIONS POR PHOTOCHEMICAL EQUILIBRIUM CONDITIONS COMPARBD 

WITH OBSERVATIONAL DATA. x Is THE SOLAR ZENITH ANGLE. 

and a and b are the rate coefficients of the reactions of HO, and NO,, respectively, with 
atomic oxygen. 

The reduction of the photochemica1 values n&O,) to the observed values was considered 
by Crutzen (I 970) and Johnston (I 971) by including an NO, effect leading to an increasing 
mixing ratio of nitrogen oxide with altitude in the stratosphere. Near the stratopause the 
correction term must also include the effect of the hydrogen compounds. Above the 
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tropopause the catalytic chain involving OH and HO, with 0, (McGrath and Norrish, 1958) 
which was introduced in order to remove ozone (see, for example, Hunt, 1966; Hesstvedt, 
1968; Leovy, 1969) seems unlikely since the rate coefficients which were adopted are too 
large. 

It appears, therefore, that the difficulty has not yet been resolved. In the upper part of 
the stratosphere (see Fig. 5a) the equilibrium times are short and the ozone concentration is 

STRATOSPHERE 

4 EQUILIBRIUM TIME SCAtEked 

Fro. S(a). Tm3 TIMB To iu3ACn EouiUatuub3 INcREAsEs PROM LEST TIN A DAY AT 2-m STRATO_ 

PAWS To MORE THAN A YEAR AT 25 km. 

insensitive to atmospheric transport. In the lower stratosphere (Fig. 5b) the equilibrium 
ozone concentration depends strongly on zenith angle and the 0s concentration is controlfed 
by downward transport. There is a complete departure from photochemical equilibrium 
conditions since equilibrium times are greater than 1 yr and dynamic considerations must be 

25 

10s I alo 
O3 EaUlLiBRlUM TIME SCALE&4 

FIG. S(b). THBRJ3 Is A DEPARTURB FROM PHOTOCHMI CAL EQUILIWUUM CONTXTIONS IN THE LOWER 

STRATOSPIiSRS SINCE m 4 HQ- M TIMES INCREASES FROM 1 )T AT 25 km TO MORE THAN 

1Wyr AT 15 km. 
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introduced. Thus, instead of (9), the general equation becomes, (16) 

Wo3) 
at + div [n(03>wd + k nFi;(o ) {n’(O,) + an(HO,) + bn(NO,)} = 2n(OZ)J2 (17) 

2 2 

where w,,, is the transport velocity of 0,. 

III. THE HYDROGEN-OXYGEN ATMOSPHERE 

The production of O(lD) atoms by the photolysis of the stratospheric ozone is important. 
A precise determination depends on the exact efficiency of O(lD) production in the processes 

and 
0, + hv(l < 3100 A) - O,(lA,) + O(lD) (18a) 

0, + hv@ < 4000 A) + Oz(32$-) + O(lD). (18b) 

According to DeMore and Raper (1966), all oxygen atoms are O(lD) at il I 3100 A; for 
il > 3100 A there is a drop in the efficiency leading to OCP) atoms at 3340 A. (Jones and 
Wayne, 1969). 

Two extreme values of the O(lD) production have been adopted, and considering the 
following working value for the quenching rate coefficient 

k&D) = 5 x lo-l1 cm3 set-l (19) 

due to N, and 0, (Young et al., 1968; Paraskevopoulos and Cvetanovic, 1969; DeMore, 
1970; Noxon, 1970), the photoequilibrium values of O(lD) concentrations for various 
solar zenith angles are illustrated in Fig. 6. At the stratopause the variation is small but, in 
the lower stratosphere, the values depend significantly on zenith angle and are sensitive to 
the spectral efficiency of O(lD) production which is chosen from the experimental data. 

The study of the reaction of O(lD) with H,O, CH, and H, is an important step in the 

_ STRATOSPHERE 

40 - EXCITED OXYGEN ATOMS 

- MAXIMUM 

---MINIMUM 

0 I’D) CONCENTRATION (cm-‘) 

Fm.6. CONCENTRATION OFEXCITZDOXYGEN ATO~ISFORTW~SOLARZEZNITHANGL@SANDTW~ 

I~FFEXRENT (MINIMJM AND ~~AXIMUM) PRODUCIIONS. 
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analysis of the aeronomic behavior in the stratosphere. The following reactions occur 

O(lD) + H,O --f OH + OH*(v I 2) + 28.8 kcal (20) 

O(lD) + CH, + CH, + OH*(u I 4) + 43.5 kcal (21) 

O(lD) + Hz + H + OH*(v I 4) + 43.5 kcal. (22) 

Thus the presence of O(lD) atoms leads to the possibility of the production of H atoms and 
OH radicals by HzO, H, and CH, in the stratosphere. With the fractional volume con- 
centrations that can be adopted (see Nicolet, 1971 for references and explanation) as 
conventional values at the tropopause for H,(O.5 x 104), for CH,(l*5 x lo+) and for 
H,0(3 x 10e6), the total production P(H0,) of HO, radicals at the bottom of the strato- 
sphere is 

P(H0,) = 13 x IO-%(M). n*(O)a* (23) 

where a* is the rate coefficient for (20-22). Such a coefficient has a value greater than 
lO-1o cm3 se& (Nicolet, 1970, 1971). Recent experimental analysis (Young el al., 1968; 
Donovan et al., 1970; Paraskevopoulos and Cvetanovic, 1971; Heicklen et al., 1971) leads 
to 

a* = (3 f 1) x IO-lo cm3 se&. (24) 

Thus the production of HO, in the stratosphere near the tropopause may attain 

P(H0,) N 10-%(03)J3* (25) 

where J3* is the photodissociation rate coefficient leading to O(lD) atoms. Numerical 
results lead to a production of OH radicals from the Hz0 dissociation of not less than 
104 cm” se& above 20 km for an overhead sun and reaching 7 x lo4 crnw3 se& in the 
upper stratosphere. 

Inspection of the reactions introduced by Bates and Nicolet (1950) indicates that, in the 
‘stratosphere’ (Nicolet, 1971) a large number of them can be ignored when the rate coeffi- 
cients are sufficiently well known. 

At the stratopause level, a three-body reaction involving atomic hydrogen and molecular 
oxygen leads to a hydroperoxyl radical 

(q); H+0,+M-+HOz+M+46kcal. (26) 

The rate coefficient based on measurements made at low temperature by Clyne and Thrush 
(1963b) and Larkin and Thrush (1964) has a negative temperature coefficient 

urn(M) = 3.3 x 10-ases”o’Tn(N,, 0,) cm3 set-l. (27) 

At the stratopause, and in the upper part of the stratosphere, the reaction of H with 0, 
cannot be neglected; 

(aJ ; H + 0, - O2 + OH,*,, + 77 kcal (28) 

has practically no activation energy (Kaufman, 1964) and 

a2 = l-5 x 10-1aT1’2 cm3 set-l (29) 

corresponding to the experimental value of (2.6 f 0.5) x lo-l1 cm3 set-l at 300°K 
(Philips and Schiff, 1962). The dependence on temperature indicated by a plus one-half 
power in (29), and other reactions, shows that the activation energy must be small and that a 
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measurement over the 150-300°K temperature range is required. Such a form also shows 
that there is a certain steric hindrance factor, as it can be seen when (29) is compared with a 
conventional value, relevant to the present reactions, of 1.5 x lo-l1 Tr12 as given by the 
elementary kinetic theory of elastic spheres. 

Thus, it may be concluded that hydrogen atoms are immediately transformed into 
hydroperoxyl radicals in the stratosphere since Relation (27) is rapid (seeTable 2). However, 
at and in the neighbourhood of the stratopause, Reaction (28), which leads to OH, cannot be 
forgotten. 

TABLE 2. AERONOMIC RATE COEFFWIENTS IN THE STRAWSPHERE 

Altitude w@m(w 
(km) (Xc’) 

w(O) 
(set-‘) 

15 
20 

4-7 x 106 2.4 x 10’ 2.4 x 1O-6 
7.7 x 10’ 6.4 x 10’ 4.2 x 1O-5 

25 1.4 x 10” 7.3 x 10’ 3.0 x IO-4 
30 2.6 x lo3 6.7 x 10’ 1.8 x 10-a 
35 4.6 x lo1 4.8 x 10’ 1.1 x lo-” 
40 1.2 x 102 2.5 x 10’ 6-O x 10-e 
45 2.3 x 10’ 7.9 1.8 x IO-’ 
50 6.8 2.5 3.3 x 10-l 

An important reaction which forms a chain leading to the reformation of oxygen mole- 
cules with the production of hydrogen atoms, in conjunction with Reaction (28), is the bi- 
molecular process 

(us); OH + 0 -+ H + 0, + 16-6 kcal. (30) 

Laboratory data (Clyne and Thrush, 1963 ; Kaufman, 1964,1969 ; Breen and Glass, 1970) 
lead to values of us from (5 f 2) x lO_ll cm3 set-l between 265°K and 293°K to 
(4.3 f l-3) x lO--ll cm3 set-l at 300°K. A working value 

a, = 3 x 10-12T1/2 cm3 set-l (31) 

is adopted with a possible error of 50 per cent. With the conventional value of the ozone 
concentration which is adopted here (Table 1) the loss coefficient of OH is given in Table 2. 

It is clear that Reaction (30), if it is rapid in the major part of the stratosphere, is 
relatively slow in the lower stratosphere where other processes may be more important. 
The chain reaction introduced by McGrath and Norrish (1958) 

(~6); OH + O,+HO,+ 0, (32) 
and 

(a& G+HO,+DH+G, (33) 

as the potent ozone-destroying mechanism can be neglected. No direct measurement has 
been reported. An upper limit a, r 5 x lo-l3 cm3 set-l at room temperature (Kaufman, 
1964, 1969) was adopted (Hampson, 1966; Hunt, 1966; Dtitsch, 1968; Hesstvedt, 1968; 
Leovy, 1969; Shimazaki and Laird, 1970) as the actual value in the stratosphere and meso- 
sphere. A recent analysis by Langley and McGrath (1971) shows that a, should be less than 
lo-l6 cm3 see-l at room temperature. With a steric hindrance factor of the order of 10m2 
and an activation energy of about 6 kcal, a, should be not more than 

u, = 1.5 X 10-137w2e-300w~ (34) 
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leading to u&O,> < a&O) in the entire stratosphere. Furthermore, Reaction (33) which 
was introduced with a rate coefficient 

%sa = 5 x lo-l4 ems se&, (35) 

must be rejected (DeMore, 1967; Nicolet, 1970). Measurements of Reactions (32) and (33) 
are required at 200°K which corresponds to the temperature of the lower stratosphere. 

Instead of Reaction (33) the reaction leading to OH involves atomic oxygen (Kaufman, 
1964) 

(a,); 0 + HO, --+ 0, + OH& + 55 kcal. (36) 

No measurement of reaction (36) has been made. Considering the work of Foner and 
Hudson (1962), Kaufman (1964) suggests that a, 2 lo-l1 cm3 see-l. Reactions (36) and 
(30) must be compared since they represent, in the major part of the stratosphere and 
mesosphere, the chain reaction which is involved in the ozone destroying mechanism 
through the direct attack of oxygen atoms and re-formation of oxygen moiecules. 

The values of the rate coefficients a, and a, which are generally adopted (Hampson, 1966 ; 
Hunt, 1966; Hesstvedt, 1968; Dtitsch, 1968; Crutzen, 1969; Leovy, 1969) give 

as/a, = 5 x lo-ll~l@-l~ = 5. (37) 

Since no direct measurement of Reaction (36) has been reported, the ratio a&, = 5 cannot 
be invoked to explain the aeronomic behavior of OH and HO,. The following value is 
adopted here for u, (see remark for a&, 

a, = l-5 x 10-W1’z cm3 set-l (38) 

with the possibility that the ratio a&, is not known with sticient precision and may be 
between 10 and 1. According to a recent analysis of the HO, reactions by HochanadeI et al. 
(1972), their experimental results can be simulated if a value of the order of 7 x IO-l1 cma 
set-l is used for a,. There is, therefore, a possibility that a&, N 1. In any case, ex- 
perimental data are needed in order to determine the ratio a6/+ which must be known 
exactly for the calculation of the ratio ~(HO~)~~(OH) in the stratosphere and mesosphere. 

Expressions for the equilib~um ratios of ~(OH)~~(H} and ~(HO~)~~(H) can be easily 
obtained if it is assumed, as a first approximation, that only reactions (26-36) are involved. 
Thus 

WH) VW)@,) + %u(OJ -= 
n(H) W(O) 

and 

(40) 

The ratio given by (41a) must be used at the stratopause (see Table 2), but below 40 km 
it becomes 

n(OH) a7 
-r-e- 

n(HO& - a5 * 
Wb) 



1682 MARCEL NICOLET 

In the lower stratosphere, hydroxyl and hydroperoxyl radicals are involved in other 
important reactions with minor constituents which do not belong to the hydrogen~xygen 
atmosphere. CO and NO must be considered since they can react with OH and HOa, 
respectively. Among all possible reactions (Nicolet, 1971; Levy, 1971; McConnell et al., 
1971) it seems that these two reactions are the most important processes at and above the 
tropopause. 

A simplified reaction scheme is illustrated in Fig. 7 for the hydroxyl radical The 

FIG. 7. IQAc~~N SCHEME ~P~E~DR~XYL RADICALIN AWDROGEN-OXYGEN ATMOSPHERE. 

radical OH is produced by reactions (20-22) of O(lD) atoms with H,O, CH, and H, 
molecules. Reactions of ozone (28) and of atomic oxygen (36) with H atoms and HO, 
radicals, respectively, lead also to OH radicals. The photodissociation of hydrogen 
peroxide cannot be excluded ; the process is 

Vnoo,); H,O, + /%J - 20H (42) 

with a photodissociation rate coefficient (Fig. 8) which is not less than lO-6 set-l in the 

_ STRATOSPHERE 

PHOTODlSSOClATlON COEFFICIENlbc-‘I 

RG. 8. PHOTODISSOCIATION COEFFICIENT 0F HYDROGEN PEROXIDE IN THE STRATOSPHERE FOR 

VARIOUS SOLAR ZEMTH ANGLES X. 
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stratosphere. The following reactions (Nicolet, 1965, 1970), in which nitrogen oxides are 
involved, 

(a,,); NO + HO2 + NO, + OH + 9 kcal (43) 

(Q); NO + H,O, --f HNO, + OH + 11 kcal (44) 

(a& ; NO, + H,O, + HNO, + OH + 11 kcal (45) 

also lead to OH radicals. However, (44) and (45) are very slow reactions (~5 x 1O-2o cm3 
se+) which cannot play a role in the stratosphere according to recent measurements made 
by Gray, Lissi and Heicklen (1972). The rate coefficient u28 is not well known; nevertheless, 
it seems that working values of the order of 5 x lo-l3 cm3 see-l are needed (Levy, 1971) at 
ground level and it is certain that such a reaction must play a role in the lower stratosphere 
where u+(O) is less than 1O-5 sec- l. A precise experimental determination of the rate co- 
efficient is needed for the analysis of the exact action of nitric oxide on the ratio n(HO,/) 
n(OH) in the lower stratosphere. 

On the other hand, the radical OH, if it reacts rapidly with atomic oxygen (reaction 30) 
in the stratosphere, also has a role when H202, H,, CO and CH, are present. The processes 
(46), (48), (50) and (52), shown below, have been observed: 

(Use); OH + H,O, -+ H,O + HO, + 30 kcal (46) 

with the rate coefficient (Greiner, 1968) 

a, = 4.1 x 10_13T1/2e-6Wr (47) 

which leads to a rate coefficient of about 3 x lo-l3 cm3 set-l at 200°K. 

(a19); OH+H,-+H,O+H+15kcal (48) 

with the rate coefficient (Greiner, 1969) 

a,, = 7 x 10-12e-2@JO/T 

or 
aID = 2 x ~0-13p2e-lmJ/T 

(49a) 

WV 

which leads to about 5 x lo-l6 cm3 set-l at 200°K. 

(u3,J; OH + CO --t CO, + H + 24 kcal 

with the rate coefficient (Greiner, 1969) 

(50) 

U 36 = (l-25 + O-25) x lo-l3 cm3 se& 

for temperatures of the lower stratosphere. 

(a& ; OH + CH, + H,O + CH, + 15 kcal 

with the rate coefficient (Greiner, 1970) 

aas = 5 x 10-12e-1goo” cm3 se& 
or 

(51) 

(52) 

(53a) 

which leads to about 5 x lo-l6 cm3 se+ at 200°K. It must be pointed out that reactions 
(46), (48) and (52) lead to the formation of water vapor. Very precise rate coefficients are 
required for these reactions involving OH since they play a role in the lower stratosphere 

9 
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where the temperature is not far from 200°K. In addition, the following loss processes of 
OH lead to the re-formation of H,O 

(a,,); OH + OH --t H,O + 0 + 17 kcal (54) 

(a,,); OH + HO, --t H,O + 0, + 72 kcal. (55) 

Several measurements of reaction (54) have been made (Kaufman, 1964, 1969; Westenberg 
and DeHaas, 1965; Dixon-Lewis et al., 1966, Wilson and O’Donovan, 1967; MuIcahi and 
Smith, 1971). Experimental values are well represented by a value of about 2 x 10-12 at 
300°K. With a working value of 1 kcal for the activation energy, are can be written 

a 16 = 7.5 x 10-'3~'/2~-s'WT (56) 

leading to about 9 x lo-l3 cm3 set-’ at 200°K. However, at sufficiently high pressures 
(lower stratosphere, for example) reaction (54) is replaced by 

(a,,,); OH + OH + M - H,O, + M 

with a rate coefficient (Caldwell and Back, 1965) 

(57) 

u,,_~~ = 4 x 1O-3o cm6 set-’ (58) 

leading to 8 x lo-l2 cm3 se+ at 20 km. 
The Reaction (55) is extremely important in the stratosphere and mesosphere since it must 

be used to determine n(OH)n(HO,) before determining the OH and HO, concentrations. In 
1964, Kaufman suggested that a,, 2 0 1 -11 cm3 set-l. Almost all aeronomic studies treated 
this as an exact value but such an assumption was not appropriate for the analysis of the 
ozone problem in the stratosphere. Recent measurement by Hochanadel et al. (1972) 
indicate that the rate coefficient 

a 1, = 2 x lO-'O cm3 set-l (59a) 

i.e. an extremely rapid reaction. 
With such a high value of the rate coefficient, it is possible to consider that reaction (55) 

is the principal process leading to the re-formation of water vapor in the mesosphere. In the 
upper stratosphere a constant mixing ratio of H,O corresponding to 3 ppmv leads to 
n(OH)n(HO,) > 1014 cm-6. The values of the hydroxyl and hydroperoxyl concentrations 
depend on the various reactions which are involved between OH and H02. With two 
arbitrary constant ratios n(H02)/n(OH) = 9 and 1, the OH concentrations are given in 
Table 3a, if only H,O is involved in the production of OH radicals and if Reaction (55) 

TABLE 3a. EXAMPLE~OF HYDROXYL RADICAL CONCENTRATIONS [n(H,O)= 3 ppm; 
n(HO,)/n(OH)= 9 OR 1; SOLAR CONDITIONS: BETWEEN set x = 1 AND 21 

Altitude 
(km) n(HO,)/n(OH) = 9 n(HOJn(OH) = 1 

15 (1.1 f 0.3) x 10’ (3 f 1) x 10’ 
20 (2.0 f 0.5) x 10’ (6 f 2) x 10’ 
25 (2.8 f 0.6) x 10’ (8 f 2) x 10’ 
30 (3.5 f 0.7) x 106 (1 l 0.2) x 10’ 
35 (4.5 f 0.9) x 106 (1.4 f 0.2) x 10’ 
40 (5.4 f 0.8) x 10’ (1.6 f 0.3) x 10’ 
45 (5.2 f 0.8) x 10’ (1.6 f 0.2) x 10’ 
50 (4.1 f 0.3) x 106 (1.2 f 0.1) x 10’ 
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between OH and HO2 is the re-formation process of H,O. Such examples are introduced 
here to show that important errors may occur in the aeronomic analysis and that experi- 
mental data are urgently needed in order to determine the exact ratio n(HO,)/n(OH). 

Before ending this discussion concerning the hydroxyl and hydroperoxyl radicals, the 
following two-body process must be considered, 

(a,,); HO, + HO, -+ H,02 + 0, + 42 kcal. (60) 

If it is assumed that the rate coefficient a2, cannot be too different from n,, as it was 
indicated by indirect laboratory measurements (Foner and Hudson, 1962; Dixon-Lewis and 
Williams, 1962; Kaufman, 1964) the following value should be noted 

02, = 7.5 X 10-i3T1/2e-500/T cm3 see-1. (61a) 

However, recent measurements by Hochanadel et al. (1972) lead to almost 4 times the value 
given by (61a) since the laboratory results at 298°K give 

u2, = (9.5 f 0.8) x lo-l2 cm3 set-‘. (62b) 

This value is higher than another recent estimate by Paukert (1969). 
An idea of the behavior of hydrogen peroxide can be obtained with the simplified 

equation, based only on (42) and (60), 

W-W) 
dt 

+ n(H,O,)Jn,o, = a,,n*W02). (62) 

The relation n(H0,) I n(H,O& is valid at the stratopause if n(H0.J 2 10’ crnd, and in the 
lower stratosphere (- 20 km), if n(H0,) r 106 cmG, when photoequilibrium conditions are 
used for (62). 

Finally, considering equilibrium conditions for HO, and OH, the following equations 
are obtained (cf. Fig. 9) 

n(HO,)M(O) + a,tdNO) + wW-9 + 2a,,d-W1 

= ~U-W,W) + %WO) + wWzO,)l (63) 

FIG. 9. &KI’ION SCHEMEOFTHE HYDROPEROXYL RADICAL IN A HYDROGEN4XYGEN ATMOSPHERE. 
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and, (Fig. 7), 

a*n*(O)[@&9) + n(CHJ + nV&Jl = n(OH)[&w(CH,) + a&HO,) + a,,n(OH)l. 

(64a) 
In the upper stratosphere (63) and (64) are written as follows 

(4lb) 

and 
[n(CH,) + n(H,) + n(H,O)]a*n*(O) = a,,n(HO&(OH). (65) 

Numerical results based on Equation (65) are given in Table 3b. However, in the lower 
stratosphere for daytime conditions 

n&W a7n(0) + as6n(NO) -= 
a36n(W 

(664 
n(HQJ a5nw + 

and at the tropopause for daytime conditions 

n(OH) a,,n(NO) -= 
n(HOA a&CO) 

Wb) 

As far as (64) is concerned, it may be assumed, in the lower stratosphere and particularly 
near the tropopause level, that 

MCH,) + n(H,) + n(H,O)la*n*(O) 2 %n(OH)n(CHJP 

which leads to a determination of the concentration of hydroxyl radicals 

(64b) 

n(OH) < a*n*(OMCH4) + 4%) + n(H,O)l 

n(CH&& 
Wa) 

With numerical values (see Table 3b) corresponding to mixing ratios, 0.5 ppmv for H,, 
1.5 ppmv for CH, and 3 ppmv for H,O, n(OH) = (6 f 3) x IO5 cm-3 at 15 km for solar 
conditions varying from an overhead sun to a zenith angle of 60”, n(OH) = (3 f 2) x lo6 
at 20 km and n(OH) = (10 & 3) x lo6 cm-3 at 25 km. Thus, the OH concentrations in the 
lower stratosphere decrease when methane is present and values given in Table 3a below 
25 km are too high. 

After sunset, instead of (67a), we must write 

1 dn(OH) 
-~ = -u3,n(CHJ 
n(OH) dt 

TABLE 3b. EXAMPLES OF HYDROXYL RADICAL CONCENTRATIONS 

WW) = 3 ppm; n(C’H,) = 1.5 ppm; n(H,) = 0.5 ppm; CH4 EFFECT] 

(67b) 

Altitude secx=l 

(W (overhead Sun) 

15 1.1 x 106 
20 6.0 x 10’ 
25 1.6 x 10’ 

= 1.4 2 
x = 45” x I 60” 

6.3 x IO5 3.1 x 106 
3.5 x 106 2.0 x 106 
9.8 x 106 5.8 x lo6 
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which shows that OH is rapidly transformed into HZ0 since the life time of OH radicals is 
relatively short in the lower stratosphere. With a loss coefficient of the order of 3 x 
1O-3 se& at 20 km, the initial concentration of hydroxyl radicals is reduced to 1O-5 in a very 
short time of the order of 3 hr. Furthermore, Equation (66a) cannot be applied since atomic 
oxygen is present only in the daytime atmosphere. Finally, NO is transformed into NO, in 
the night-time stratosphere and equation (66b) cannot be used. 

If the mixing ratios of NO and CO in the lower stratosphere are taken as 4 ppbv and 
40 ppbv, respectively, Equations (66a) and (66b) indicate that the ratio ~{HO~~~(OH) 
depends on the carbon monoxide and nitric oxide concentrations. With a,, N lOa,,, 
n(HO,)/n(OH) *zrl 1. Near 30 km the role of oxygen atoms is important. 

Thus, the importance of reactions with hydrogen compounds in the photochemistry of 
ozone and atomic oxygen in the lower stratosphere depends strongly on the actions of 
carbon monoxide and of nitric oxide. The action of methane must be introduced in the 
process of Hz0 re-formation above the tropopause level. 

Finally, instead of (9), the rate of change of 0, in the stratosphere must be written 
(Nicolet, 1966, 1970) 

WW + 53 
dt ~~~(~~(0~) 

n(03Pkn(O& + a&OH) + a,n(HO,)l = 2n(OJJz. (68a) 

In the upper stratosphere (68a) becomes, using (41b), 

W3J2 
N3Y3 + ~0’9 * 

(68b) 

IV. ~R~GEN-OXYGEN A~OSP~~E 

In a pure oxygen atmosphere the photochemical destruction of ozone is given by 
Reaction (8) 

0, + 0 -+ 0, + 0, (69) 

and in a hydrogen-oxygen atmosphere by a catalytic cycle of an HO-HO, system involving 
Reactions (30) and (36) in the stratosphere 

O+OH-tH+02 (70) 

O+HO,+OH+O,. (71) 

In a nitrogen-oxygen atmosphere the catalytic cycle involves NO and NO, (Crutzen, 
1970; Johnston, 1971; Nicolet, 1971). Nitric oxide reacts with ozone as follows 

(b4); NO + 0, ---f NO, + O2 + 48 kcal (72) 

with a rate coefficient which is sufficiently well known (Johnston and Crossby, 1954; 
Clyne, Thrush and Wayne, 1964) 

b, = 1 x l()-~~e-r~O~r_ (73) 

NO2 is subject to photodissociation 

(JNo*); NOz + hv(l < 3975 A) -+ NO + 0. (74) 
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The photodissociation rate coefficient is about 4 x lo-” se+ at 50 km and it is not less than 
3 x lo-” set-l at 15 km. An average value of (3.4 f 0.5) x 10e3 se+ may be adopted in 
the stratosphere. 

However, the following reaction plays a role in the upper stratosphere 

(bJ; 0 + NO, + NO + 0, + 46 kcal. (75) 

It is relatively a rapid reaction (Schiff, 1964; Klein and Herron, 1964; Westenberg and 
deHaas, 1969). At 200°K, the extrapolation of such experimental data leads to 2 and to 
7 x lo-l2 cm3 se+ which may be given either by 

6% = 5 x 1 0-r3T1/2 cm3 set-’ (76a) 
or by 

b3b = 1 x 10-12Tl/2e-3~IT cm3 set-1. (76b) 

An unpublished result (Davis, 1972) gives 

b3c = 9.2 x lo-l2 cm3 set-’ (76~) 

over the 235-350°K temperature range. 
Thus, this is again a clear illustration that the experimental values of many rate co- 

efficients must be known with greater accuracy for the study of aeronomic processes in the 
stratosphere. 

Considering that (72), (74) and (75) are the principal reactions in 
(Nicolet, 1965), 

dnO -l- n(NO,)[JNc, + b,n(O)] = b,n(NO)n(O,) 
dt 

and, for daytime conditions since l/J,oI I 3 x lo2 set, 

n(NO,) b&O,) -= 
n(NO) JI.-o* + b,n(O) * 

the stratosphere, 

(77a) 

(77b) 

With the numerical values adopted here (73) and (76c), the n(NO,)/n(NO) ratio is given in 
Table 4 at various altitudes and for two values of the zenith angle. The ratio increases from 
about 1 at 15 km to nearly 4 at 30 km and decreases above 35 km to the order of 2 x 1O-2 
at 50 km. Thus, the daytime ratio n(NO,)/n(NO) should be of the order of 1 in the lower 
stratosphere, but is related to the ozone variation. 

Thus, if we introduce the effect of nitrogen oxides (NO and NOa in the ozone equation 
(9), we must write from (72), (74) and (75), 

WO3) + 
J3n(03) 

dt k2nWMO2) 

[2k,n(O,) + b,n(NO) + b,n(NO,)] 

= 2n(02)J2 + n(NO,)JNo, VW 
TALIL~ 3c. EXAMPLES OF HYDROXYL RADICAL CONCENTRATIONS (cm-*) IN Tm LOWER 

STRATOSPHERE. 

Altitude 
(km) 

Table 3a 
(HO,) 

Table 3b 
(CH,) 

Effect of 
HNOs 

15 (1 f 0.3) to (3 f 1) x IO’ (6 f 3) x 10’ (4 f 2) x 10’ 
20 (2 f 0.5) to (6 f 2) x 10’ (3 f 2) x 100 (1 f 0.5) x 106 
25 (3 f 0.6) to (8 f 2) x lOa (10 f 3) x 106 (I f 0.6) x IO’ 
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TABLE 4. R~-rto n(NO,)/n(NO) IN THE STRATOSPHERE 

Altitude 

(km) 

Solar zenith angle 
SeCX=l secX’2 

15 0*9+ 
20 2.7 

25 30 :::+ 
35 2.7 
40 0.6 
45 8.9 x IO-’ 
50 1.6 x lo-’ 

0.95 l 
2.9 

::;+ 
2.7 
0.9 
1.4 x 10-l 
2.1 x 10-a 

+ only effect of JNO, alone 
t also effect of b, n(0) 

which becomes, with (77), 

dn(O,) + 2MW 
dt ~200~(02) 

VW@,) + bWM1 = 2402)J2. (78b) 

Comparing (78) with (68), which involves the effect of hydroxyl and hydroperoxyl radicals, 
the ozone concentration in the upper stratosphere is given by 

n(O2V2 
nKW, + a,n(OW + b,nWO,) 

(78~) 

which shows that the correction term to 5a (see 15 and 16) can be written 

A = a&OH) + b&NO,) 

WO,) * 
(7% 

Table 5 shows that the same effect is obtained for a ratio n(OH)/n(NO.& of the order of 10-l. 

TABLE 5. NUMERICAL VALUES OF 2 ;8n!+~!!!$) 

Altitude 

(km) 

15 
20 
25 
30 
35 
40 
45 
50 

asIb b&s 

9.6 x 10’ 6.1 x 10’ 
6.8 4.6 
4.9 3.5 
3.6 2.7 
2.0 1.7 
1.2 1.1 
1.0 1.0 
1.0 1.0 

For example, if between 35 km and 40 km the ozone concentration is of the order of 
1012 cm-s, then from 5 x 10’ to about 10s OH molecules have the same effect as from 
5 x 108 to about log NO, molecules. 

In the ozonosphere, various reactions with nitrogen oxides may be considered (see 
Nicolet, 1965, 1971; Johnston, 1971). Among the possible reactions, a three-body as- 
sociation leading to nitrous and nitric acids, 

(b22); OH + NO2 + M-W HNO, + M + 53 kcal, (80) 
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is an important process for which the rate coefficient, b,,, for T = 300°K is (Simonaitis and 
Heicklen, 1971) 

b,, = 1.3 x 1O-3o cm6 see-l @la) 
for M = He, or 

b,, = 1.1 x 1O-2s cm3 set-l @lb) 
if it4 = H,O. 

With b,, = 5 x 1O3O cm6 se& for 0, and N,, it can be seen that the life-time of OH is 
very short in the lower stratosphere if there is no re-formation process of OH. In fact, 

(b,,)OH + HNO, -+ H,O + NO, + 15 kcal (82) 

with a coefficient which, according to Hussain and Norrish (1963), should be of the order of 

b,, = 1.5 x lo-l3 cm3 se& (83) 

The possibility of finding a reformation process for OH from HNO, is a photodissocia- 
tion (see Leighton, 1961) 

Another reaction 
(JHNO ,); HN03+hv+OH+N02 (84) 

(b,,); 0 + HNO, ---f OH + NO, (85) 

is slow, and according to Morris and Niki (1971), its rate coefficient is less than 2 x lo-l4 
cm3 se+. It seems, therefore, that the relevant differential equation for the HNO, con- 
centration is 

dn(y) + n(HNO&[JuNo, + &&OH) + b,dO)l = b,,~W-%WO,MW. (86) 

Night-time equilibrium conditions would lead to 

nWNO2) < b22+0_ 1o2 -- 

WO2) b - 27 
(874 

at 15-20 km. However, according to computations based on equation (67b), the hydroxyl 
radicals disappear in the lower thermosphere after sunset and, consequently, a night-time 
equilibrium cannot be attained for the ratio n(HNO,)/n(NO,). Thus, the photodissociation 
process (84) cannot be eliminated as an effective loss process of HNO, in the lower strato- 
sphere since JHNOI could be greater than low7 sec- l. Photoequilibrium conditions, which, 
perhaps, do not exist in the lower stratosphere, lead to 

n(HNW ntOH)bdW -= 
WO2) JHNO~ + b274oW' 

W’b) 

Once again, exact values of the parameters are needed for a determination of the theoretical 
ratio n(HNO,)/n(NO,). Observational results indicate that the HNO, mixing ratio in the 
lower stratosphere is not less than 10ds (Murcray et al., 1969; Rhine et al., 1969) and that 
the NO, mixing ratio is less than 3 x 1O-8 (Ackerman and Frimout, 1969). 

Thus, it seems that the OH radicals are not only subject to reactions with hydrogen 
compounds (Fig. 7) but also depend on nitrogen compounds. The equilibrium value in the 
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lower stratosphere would be, to a first approximation (Fig. IO), 

n(OH) = 
a*n*(O)[n(CH4) + n(H,O) + ntH31 + ntHNOJJ,,o, 

* a,,n(CH4) + bzzn(kf,M NO,) + w4HOJ 
(88a) 

O(‘D) 

/ 
HN03 

OH 

H,O + CH, 

/ 
‘CH&-OH 

/ 
+CH, 

/ 
H20 

7 

+HNO _b 
3 HN03-OH-+ 

*NO, +M NO3 

\ 
bNo2-oH 

\ 

HN03 

RG. 10. hIEME OF THE PRINCIPAL REACTIONS OF HYDROXYL RADICALS ABOVE THE TROPOPAUSE 

IN THE LQWER STRATOSPHERE. 

Reducing (88a) to an oversimplified form 

Wb) 

can be accepted over the 15-25 km stratospheric region if there is no efficient photodissocia- 
tion process of nitric acid. From Equation (88b), one determines that, with n(N0,) = 
4 x 10ms n(M), the OH concentration would be only between lo4 cm-3 and lo5 cm-3 in the 
lower part (15-20 km) of the stratosphere. Table 3c shows the various concentrations of the 
OH molecules which are obtained according to the loss process which is involved; a factor 
of about 100 can be involved at 15 km and is reduced to less than 10 at 25 km. 

Consequently, if there is no active photodissociation process of nitric acid between 15 
and 20 km, the OH concentrations are relatively low. Results given in Table 3c indicate 
that there are differences with the results of McConnell et al. (1971); their computed OH 
profile indicates an almost constant value of its concentration between the ground level and 
20 km. Such different values show that a careful analysis of all aeronomic processes in the 
lower stratosphere is required before attempting to reach a final conclusion. 

The presence of nitrogen oxides in the stratosphere may be related to the downward 
transport of NO molecules from the mesosphere. In the mesosphere the nitric oxide 
concentration depends on the photodissociation rate JNO which is related to a predissocia- 
tion process. For zero optical depth JNo = 5 x 10m6 see-l and its value decreases rapidly in 
the mesosphere since the absorption depends on the structure of the (10-O) and (9-O) 
Schumann-Runge bands of molecular oxygen and of the (1-O) 6 bands of nitric oxide 
(Fig. 11). The differential equation pertaining to the variation of the nitric oxide con- 
centration in the mesosphere 

&(NO) 
- + n(NO)JNo + ; [n(NO)wNo] = 0 

at 
(8% 
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t 

S-RUO-0) 

ALTITUDE 

60 KM 

IO-” ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
1825 1830 1835 

WAVELENGTH Ii, 

FIG. 11. THE 6 BANDS OFNITRICOXIDEAREABS~RBEDINTHEMESOSPHEREBYTHE~XJMANN- 
RUNGE BANDS OF MOLECULAR OXYGEN AND DETERMINE THE PHOTODISSOCIATION COEFFICIENT. 

becomes 

&(NO) i3 
at +~[WO)WNOI=O (90) 

at the stratopause since JNo is very small at that level. Observational values of the NO 
concentration (Pontano and Hale, 1970) of the order of lo9 cm3 at the stratopause are 
larger than the theoretical values deduced by Strobe1 (1972) [lo6 < n(N0) < 10’ cm-3] and 
also more than a mixing distribution [n(NO) - 108 cm31 if [n(NO,) + n(NO)]/n(M) = 
3 x 1O-s at the tropopause (Nicolet, 1965). 

Nitric oxide is produced in the stratosphere by a reaction between nitrous oxide and the 
excited oxygen atom in the O(lD) state (Nicolet, 1970) 

(W; O(lD) + N,O - N, + 0, (9la) 

(bar,); O(lD) + N,O -+ 2N0 (9lb) 

with a global rate coefficient of the order of 2 x 1O-1o cm3 se& (Young et al., 1968) and a 
ratio bas/bas ‘u 1 according to Greenberg and Heicklen (1970). Thus the production of NO 
molecules is given by 

dn(N0) 

dt 
= 2 x 10-lOn(N,O)n[O(lD)] cmm3 see-‘. 

Since N,O is photodissociated by il < 3400 A (Bates and Hayes, 1967) leading only to 
(Nicolet, 1970; Nicolet and Vergison, 1971) 

N,O + hv(il < 3400 A) --+ N,(X%) + O(lD) (93) 

in the stratosphere, the vertical distribution of nitrous oxide, which does not produce NO by 



AERONOMIC CHEMISTRY OF THE STRATOSPHERE 1693 

photodissociation, decreases rapidly with height according to the differential equation 

WV3 - + div [n(IW)w& + nNW~,o = 0. 
at (94) 

Examples of the vertical distribution of nitrous oxide with a mixing ratio of 2.5 x lO_’ at the 
tropopause are illustrated in Fig. 12. It is clear that the distribution depends on the eddy 

5om STRATOSPHERE 

OVERHEAD SUN 

FIG. 12. VERTICAL DISTRIBUTIONS OFTHENITROUSOXIDECONCENTRATIONINTHE~TTRATOSPHERE 

RELATED To VARIOUS EDDY DIFFUSION COEFFICIENTS K = 10s cm2 se&, K = lo6 cm’ se& 
AND MIXING. 

diffusion coefficients which are adopted (Nicolet and Vergison, 1971; McElroy and 
McDonnell, 1971). The measurements in the stratosphere by Schutz et al. (1970) and 
Goldman et al. (1970) indicate that more observations are needed in order to determine the 
stratospheric distribution of N,O with latitude and altitude. 

Nevertheless, it is possible to consider (Nicolet and Vergison, 1970) that the stratospheric 
production of nitric oxide P,, is of the order of 

P,(NO) = (l-5 & 1) x 108 cm2 se& (95) 

which is of the same order of magnitude as the artificial injection by 500 supersonic transport 
aircraft. 

Finally, the differential equation pertaining to the variation of nitric oxide in the 
stratosphere is 

ih(N0) 
- + div [n(NO)wNo] + div [n(HNOs)wANo,] = P(N0) 

at 

where P(N0) is given by (92). The downward transport of nitric acid from the stratosphere 
into the troposphere may be considered as a destruction process of stratospheric nitrogen 
oxides. Thus, special attention should be given to atmospheric conditions relating to the 
tropopause and its multiple structure. The exchange between troposphere and stratosphere 
must be studied at various latitudes. 
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V. THE CO AND CHI PROBLEM IN THE STRATOSPHERE 

Methane, which has been found as a permanent consituent of the troposphere, has 
continuous sources at ground level. It is dissociated by ultraviolet radiation in the meso- 
sphere and by oxidation processes in the stratosphere (Nicolet, 1971) 

The dissociative reactions in the stratosphere are 

and 
(u&J; O(lD) + CH, -+ CH, + OH + 43.5 kcal (21) 

(ass); OH + CH, + CH, + H,O + 15 kcal. (52) 

In the lower stratosphere CO, is photodissociated at a very low rate. In the upper 
stratosphere the production is not less than 103 CO molecules cm-3 se+. In the lower 
stratosphere the photodissociation process is less important than the oxidation process (21) 
which can be considered as follows 

O(lD) + CH, + CO + 4H (97) 

as far as the CO production is concerned. Methyl radicals which are produced by Reactions 
(21) and (52) react with molecular oxygen 

CH,+O,+M-+CH,O,+M+26kcal (98) 

with a rate coefficient of the order of 1O-31 cm6 set-l at room temperature (Heicklen, 1968; 
Spicer et al., 1972). 

Methylperoxy radicals react with oxides of nitrogen via 

or 
(b31a); CH,O, + NO --t CH,O,NO (99a) 

(b31b); CH,O, + NO -+ H&O + HNO, (99b) 

as regards NO. The production of methyl peroxynitrite is about 1.5 times the simultaneous 
production of formaldehyde and nitrous acid. In the same way the reactions with NO, are 

(b33a)CH303 + NO, - CH,O,N03 (lOOa) 

or 
($,,)CH,O, + NO, + H&O + HNO,. (100b) 

Here the production of formaldehyde and nitric acid is about 3 times the production of 

methylperoxynitrate. There is no evidence for the reaction between CH,O, and NO 

producing CH,O + NOz (Spicer et al., 1972). 
Finally the photochemistry of formaldehyde (McGuigg and Calvert, 1969) indicates that 

two distinct primary photodissociation processes occur 

H,CO+hv+H+HCO (1Ola) 

and 
H,CO+hv-tH,+CO (102a) 

which lead to CO and HCO. It should be noted that the photodissociation of formaldehyde 
leads to the production of molecular hydrogen in the stratosphere. 

The photodissociation coefficients of H&O based on recently published cross sections 
(Calvert et al., 1972) can be determined. For the production of hydrogen atoms and formyl 
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radicals, the photodissociation coefficient Js_Eoo is 

JJGHCO = 9.4 x 10-6 se& (101b) 

at zero optical depth; the simultaneous production of molecular hydrogen and carbon 
monoxide leads to the photodissociation coefficient JH,_-co 

JH,--co = 1.3 x lc)-4 se&. (102b) 

The photodisso~iation coefficients are given in Table 6 at three altitudes in the lower 

TABLE 6. PHOTODISSOCIATION COEFFICIENTS OF FORMALDEHYDE (XC-~) 

Altitude H-HCO 
(W and I-I&O 

15 (l-2 f O-l) x lo-* 
20 (l-3 f 0.1) x 10-p 
25 (l-4 f 0.1) x IO-4 

H-HCO &-CO 

(3.3 f O-6) x 1O-6 (8.5 f 0.7) x 10-b 
(3.8 f 0.5) x 10-b (9.5 f @6) x lO-* 
(4.3 f 0 5) x IO-6 (1.0 f 0.5) x 10-S 

stratosphere and for solar zenith angles between 0 and 60’. Thus, the total photodis- 
sociation coefficient of H&O is (1.3 f O-2) x lOa se& in the lower stratosphere. 

A rapid reaction such as 

H&O + OH --f HCO + H,O + 36 kca1 

with a rate coefficient (Morris and Niki, 1971) 

(103a) 

aon___cn,o = 1’5 x IO-l1 cm3 see-’ (103b) 

seems to be a less impor~nt process in the lower stratosphere than the direct photo- 
dissociation process; it requires OH concentrations greater than 10’ cm-3 to compete with 
the photodissociation having a coefficient JHaco which is of the order of I.3 x IO+ see-l in 
the lower stratosphere. 

Thus, with Equations (98-lOl), it is possible to consider that the oxidation of methane 
leads to the production of carbon monoxide (97) and to the simultaneous production of 
formaldehyde and nitric acid. The production of formaidehyde P(CH,O) is given by 

PtCH oj = @4b3dW) + @75kWM [ * 
2 

kOW + bWQJ 
~cH,~*(O) + a38WWl~(C~3 (103~) 

‘li tt&.H,n*(o) + a,,n(OH)ln(CW. (103d) 

From (lOl-103), we may write 

WH,O) = 2rJ 
b*n*O + as3n(OH)ln(CH3 

H 
_ 
HCO + JH~--CO + 1.5 x lo-l1 n(OH)l 

(104a) 

and in the lower stratosphere an oversimplified equation 

n(CH,O) I 
a*n~(O)n(CH~) 

=H~CO 

(104b) 

since a,,n(OH) may be of the same order of magnitude as a*n*(O). 
With a mixing ratio of CH, of the order of 15 ppmv between 15 and 25 km, the CH,O 
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concentrations could reach the following photochemical equilibrium values: (2 f 1) x 
108 cm4 at 15 km, (9 f 5) x 106 cm-3 at 20 km and (1 ic 0.5) x 10’ at 25 km. Such 
concentrations should lead to productions of H, molecules of the order of 103 cm3 set-t 
near 20 km. Reaction (101a) would lead also to the production of hydrogen atoms of about 
103 cm4 set-l near 20 km which corresponds to an indirect production of HO, radicals. In 
the same way the formyl radical also leads directly by reaction with 0, or indirectly by 
photodissociation to hydroperoxyl radicals in the stratosphere. An additional source of 
nitric acid which, not previously considered, is given by 

P(HN0,) = 
0*75b,,n(N02) 

&u(NO) + ~~~~(NO~) 
[o&n*(o) + a,,u(OH)lWH& (105) 

Such a source increases when the NO2 and 0, concentrations increase. The reaction scheme 
of Fig. 10 shows the relative importance of process (105). 

In orderto determine the importance of Reaction (97) in leading to the production of CO 
it is necessary to know the vertical dist~bution of CH, in the entire stratosphere. Measure- 
ments made in the stratosphere by Bainbridge and Heidt (1966) indicate that the transport 
of methane F,(CH,) across the tropopause is given by 

F&H3 = n(CHJK -!- - k 
H CHI 1 

where K is the eddy diffusion coefficient, H CA, and H,, are the scale height of CH, and of 
the atmosphere respectively and corresponds to an eddy diffusion flux of about 5 x lo9 
molecules CH, cm-2 set-l. Such a transport is equivalent to a stratospheric production of 
5 x lO* carbon monoxide molecules cm-2 set-1 and also results in an addition of lOlo water 
vapor molecules cm-2 set-’ in the stratosphere. Such an addition does not differ greatly 
from an artificial injection by 500 SST aircraft. 

However, a vertical flow of about 5 x lo9 CH, molecules cm-2 set-* corresponds to an 
average eddy diffusion coefficient of 2 x 103 cm2 set-’ which would lead to a decrease of 
about a factor of 1000 in the mixing ratio of methane from the tropopause to the stratopause. 

2 30- 

5 OVERHEAD SUN 

Q - AND 
60’ ZENllH ANGLE 

20 - 

._ 
CONCEHlRAl 10Nkm-31 

FIG, 13. VERTICAL DISTRXMJIION OF 'IHE METHANE CONCENTRATXON IN THE STRATOSPHERE 

FOR 2 SOLAR ZBNITHDI~~ANCF~(~~AND 6O")AND 2 EDDY DIFFUSION COEFFICIENTS K = 10s cm* 
XC-’ AND 10’CdSCC-’ COMPARED WITH KlXlNG. 
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The examples (Fig. 13) of the vertical distribution of methane in the stratosphere show the 
impo~nt differences for two typical values of the average eddy diffusion coefficient 
K = 105 and 104 cm2 se&. The first observational result (Schoiz et al., 1970) leading to 
15 x 10-s for the CH, mixing ratio at the tropopause corresponds to K < 104 cm2 set-r 
but a second analysis (Ehhalt et al., 1972) leading to a CH, mixing ratio of 2.5 x IO-’ 
requires an eddy diffusion coefficient of about 2 x 109 cm2 set-i. 

If we accept this last result, we must assume that the scale height h of the CH, mixing 
ratio is not less than 20 km. In other words (see Equation 106), if 

1 1 1 1 
-=- ----_ 
h HCH, HM 2.2 x loo 

(107) 

as given by Bainbridge and Heidt (1966) for their second profile between 15 to 24 km, is 
extended up to 50 km, the CH, mixing ratio decreases from 15 km to 50 km to 20 per cent of 
its tropopause vaIue as given by Ehhalt et al. (1972). But, such a relatively high mixing ratio 
at the stratopause requires an average eddy diffusion coefficient for the total stratosphere 
greater than 1oQ cm2 sec- l. Such a high value indicates that new observational results are 
needed. 

As far as carbon monoxide is concerned the general equation for its vertical distribution 
in the stratosphere must be written as foflows: 

afl(co) 
7 + div MWwcol + a2dOWn(CO) 

= n(C02)Jco, + n(CH&z*n*(O) + a,,n(OH)]. (108a) 

At the stratopause, there is a photochemi~1 equilib~um (Hays and Olivero, 1970); the 
principal process for the production of carbon monoxide is the photodissociation of carbon 
dioxide and the principal loss process is the reaction of CO with OH radicals since the 
transport is too slow. Instead of (lOga), the photochemical conditions may be considered as 
follows 

@X&o, = ~~~(OH)~(CO). (108b) 

In the major part of the stratosphere the CO production is due to the oxidation process of 
methane by excited oxygen atoms O(lD) and by the reaction of OH with methane. However, 
in the lower stratosphere the dissociative reaction of CH, with O(lD) is a very slow process 
and below 2.5 km the reaction between OH and CH, is the principal process even for small 
concentrations of the hydroxyl radical. 

In the lower stratosphere there is a decrease of carbon monoxide (Seiler and Junge, 
1969). It corresponds to a very rapid decrease of the mixing ratio above the tropopause 
(Seiler and Warneck, 1972) from the tropospheric ratio (1.4 -& 0.2) x lo--’ to another 
mixing ratio of the order of 4 x 10 --8. Such results (funge et al., 1970; Seiler and Warneck, 
1972) show that the mixing ratio decreases to l/e of its tropopause in about 1 km. Thus 

with 

n(W nt~(Co) -z/h 
-=-e 

n,,(CO) . e-r’zzCO 
Ez 

n(M) n&f) e n,,(CO) . emtiHx 

1 1 1 1 -=-_-- 
h Hoc HM 

-10”. 
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In this transition region the transport leads to 

and with (110) 

Foe = ~~~(CO)~(CO) = n(CO)K(-& - &) 

FOG = n,,(CO)K/105 cm-2 se&. (lllb) 

(llla) 

With n&CO) = l-5 x 10lz cm-3 at the tropopause (~9 km), the vertical flux of CO 
molecules above the tropopause is 

F,, = l-5 x IO7 K cm-2 set-l (lllc) 
which is very important; 

Fco 2 5 x lOlo cm-2 se& (llld) 

if the eddy diffusion coefficient is not less than 3 x 103 cm2 set-l. 
If the CO molecules which are injected by (11 Id) are removed by the oxidation of CO by 

OH (Pressman and Warneck, 1970; Hesstvedt, 1970), an equivalent recycling of hydroxyl 
radicals corresponding to more than lo5 OH radicals cm-3 se& is required. 

Furthermore, if the diffusive upward current of CO molecules by eddy diffusion given by 
(11 la) corresponds to the oxidation of CO by OH, we may write 

“(CO)+& - &) = n(CO)a,,n(OH)H, CW 

Equation (112) with K = 3 x 103 and H co IZ- 1 km, leads to n(OH) > IO6 cm-a (Seiler and 
Warneck, 1972). Such a value is very high when the reaction between OH and CH, is 
considered. With a concentration of about 1O-2 O(lD) atoms at 10 km as given by 
McConnell et al. (1971) it is difficult to produce more than 5 x lo2 OH molecules crnm3 
set-l and to reach a concentration of lo6 OH molecules cmV3 at 10 km. The loss process by 
the reaction between OH and CH, reaches about l-5 x lO-2 se&. 

In conclusion, the aeronomic conditions (Fig. 14) are different in the lower and upper 

Hz0 
CHL HNO:, 

F%G. 14. REACTION SCHEME SHOWING THE WATER VAPOR CYCLE IN THE STRATOSPHERE. 
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stratosphere. The ratio of the hydroxyl and hydroperoxyl radical concentrations depends on 
reactions with oxygen atoms in the upper stratosphere but is related to the carbon monoxide 
and nitric oxide concentrations in the lower stratosphere. Fu~hermore, the dissociation and 
and re-formation of water vapor are related to the presence of CH, and H, and their 
vertical distribution in the lower stratosphere. On the other hand, the nitrogen oxides 
concentrations depend not only for the vertical transport from or to the stratosphere of NO 
and NO, but also on the formation of nitric acid, on its dissociation process and finally on 
its downward transport to the troposphere. 
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