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The production of nitric oxide in the stratosphere 
nitrous oxide by oxidation of 

M. NICOLET and W. PEETERMANS 
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RESUME. La reaction du protoxyde d 'azote avec l'oxygene atomique dans son premier etat excite 0 (I D), suggeree par Nicolet 
comme une source naturelle d'oxyde d'azote dans 10 stratosphere, conduit Ii une production de l'ordre de (1,0 ± 0,5) x 108 

molecules NO cm-2 sec-I. 

Une determination precise de 10 production stratospherique de NO depend de l'exacte nature du flux de molecules 
N 20 de la troposphere Ii 10 stratosphere qui peut etre variable suivant les conditions atmospheriques au voisinage de 10 
tropopause. Ce flux est de l'ordre de (1 ± 0,5) x i09 molecules N'),O cm- 2 sec-I. 

II apparait que les sources possibles de N 2 0 dans 10 stratosphere ne presentent pas beaucoup d'importance. D'autre 
part, l'introduction d'oxydes d'azote par transport vertical Ii partir de la troposphere ou de 10 stratosphere requiert des condi
tions speciales dans ['un ou l'autre cas. 

Enfin, une flotte aerienne, qui serait de 500 avions supersoniques volont dans la stratosphere, conduirait Ii un ap
port artificiel d'oxydes d'azote du meme ordre de grandeur que 10 production naturelle resultant de l'oxydation du proto
xyde d'azote. 

ABSTRACT. The reaction of the electroniClllly excited oxygen atom 0 ( ID) with nitrous oxide, suggested by Nicolet as a natural 
source of nitric oxide in the stratosphere, may lead to a production of the order of (1 ± 0.5) x J 08 NO molecules cm-2 

sec-I. 

The predictability of a reliable estimate of the NO production in the stratosphere depends strongly on the exact 
determination of the variable flux from the troposphere of N 20 molecules ; of the order of (1 ± 0.5) x 109 molecules 
cm- 2 sec-I. 

in situ sources of stratospheric N'), 0 seem to be negligible and the introduction of nitrogen oxides by upward transport 
from the troposphere and of nitric oxide by downward transport from the mesosphere requires adequate conditions at the 
tropopause and stratopause ; respectively. 

An assumed operation of 500 SST aircraft in the stratosphere would lead to an artificial emission of nitric oxide mole
cules of the same order of magnitude as the natural production from nitrous oxide. 

The formation of nitrous oxide, which is present 
in the troposphere with a mixing ratio of the order 
of 2.5 x 10-7 (Birkeland and Shaw, 1959 ; Rank et 

at., 1962 ; Bowman and Shaw, 1963) has been discus
sed recently by Bates and Hays (1967) and measured 
extensively by a gas chromatic method in the tropos-
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phere by Schutz et al. (1970) and Junge and Hahn 
(1971). 

Further measurements have also been made by the 
same technique in the humid tropics by Laue et al. 
(1970) and by a spectrographic technique in Massa
chusetts by Goody (1969). A few measurements have 
been made in the upper troposphere and lower stra
tosphere by Goody (1954), Seely and Houghton 
(1961), Goldman et al. (1970) and by Schutz et al. 
(1970). The microbiological source of the soil, sug
gested by Adel (1946, 1951), following his first ob
servations (Adel, 1939, 1941) appears to be the 
origin of the N z 0 molecules which are practically 
in uniform mixing in the troposphere (Goldberg 
and Muller, 1953). However, a chemical reaction 
such as 

N z + 0 3 -+ N 20 + 0 z + 15 k cal, (1 ) 

considered by Bates and Witherspoon (1952) in the 
first aeronomic study of N z 0, should be accepted 
as a production process if a reaction rate coefficient 
of not less than 10-z8 cm 3 sec-I, which may be pos
sible at 3000 K according to Goody and Walshaw 
(1953), is appropriate. However, it appears, that such 
a reaction may require an activation energy of not 
less than 20 kcal. 

Another reaction, which was also introduced by 
Bates and Witherspoon (1952), 

OeD) + N z +M -+ NzO +M + 84kcal (2) 

has not been considered to be a significant source 
by Bates and Hays (1967) since laboratory data 
show that reaction (2) is negligible compared with the 
quenching reaction 

OeD) + N z -+ N z + Oep) + 45 kcal. (3) 

In fact, when the detailed processes are considered 
(Simonaitis et al .. 1972) it is clear that the chemical 
reaction between 0 e D) atoms and N z molecules 
cannot play an aeronomic role in the generation of 
stratospheric N z O. The efficiency of reaction (2) 
relative to reaction (3), which is of the order of 
2.5 x 10-6 at 1000 torr total pressure, is about 100 
times too small to produce a stratospheric effect in 
comparison with the transport of N z 0 from the tro
posphere. A rate coefficient of 5 x 10-34 cm 6 sec- 1 

for this process would be required to increase the 
actual N z 0 concentration in the stratosphere. 

Other chemical reactions which have been sugges
ted for the formation of N z 0 must be rejected as 
aeronomic reactions. The formation of atmospheric 
N 20 with 0 e P) normal atoms is practically im
possible ; 

Oep) + NzeL) + M -+ NzOeL) + M -t 38.5 kcal 

(4) 
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corresponds to two atoms approaching on a repulsive 
curve (cf. Stearn and Eyring, 1935 ; Reuben and 
Linnett, 1959 ; Clyne and Thrush, 1962) with a po
tential barrier of the order of 20 kcal before crossing 
the normal state N 2 e L) which dissociates into 
N z e L) + 0 e D). The rate coefficient is certainly 
less than 5 x 10-38 cm 6 sec- 1 (Stuhl and Niki, 1971). 
Similarly there is no possible relevant contribution 
by a radiative recombination such as 

Oep) + N z -+ NzO + hv (5) 

which was used with a rate coefficient of the order 
of 1O-z4 cm 3 by Hesstvedt and Jansson (1969) 
and by Shimazaki and Laird (1970) in their determi
nation of nitrogen oxides in the mesosphere. The 
introduction of such a reaction leads to inacceptable 
aeronomic concentrations. 

Thus, it seems that there is no important process 
which is involved in the N z 0 production in the stra
tosphere; N z 0 must come from the troposphere. 

A reaction between N z 0 and normal oxygen atoms 
o e p) requires a very high activation energy of at 
least 25 kcaL (Fishburne and Edse, 1966) and is 
always negligible in the study of aeronomic problems. 
But the reaction of N z 0 with excited oxygen atoms 
is well established (Zelikoff and Aschelbrand, 1954 ; 
Castellion and Noyes, 1957). The 0 e D) singlet 
oxygen atoms react with N z 0 in two ways 

and 
(kO ) OeD) + NzO -+ N z + Oz 

2 

(kNO) OctD)+Nz0-+2NO. 

(6) 

(7) 

According to Greenberg and Heicklen (1970), 
Goldman et al. (1971), Scott et al. (1971) and 
Simonaitis et al. (1971) the ratio kNOlko is not 

2 
very different from unity even when the translational 
energy of the excited oxygen atoms is high. 

With a value of the order of 2 x 10- 10 cm3 sec- 1 

(Young et al., 1968) for the rate coefficient of the 
OeD) + N 20 reaction, the following working values 
can be adopted for the rate coefficient of reactions 
(6) and (7) (Scott et al., 1971 ; Simonaitis et al .. 
1972) 

(8) 
and 

kNO X 10- 10 cm 3 sec- 1 (9) 

Thus, as was shown by Nicolet (1970, 1971), reac
tion (7) is an important process for the formation of 
nitric oxide in the stratosphere. It may lead to a pro
duction of NO of (1 ± 0.5) x 108 molecules cm- 2 

sec- 1 according to Nicolet and Vergison (1971) or 
to 2 x 107 cm- 2 sec- 1 according to McElroy and 
McConnell (1971). 
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Finally, in order to take into account all aerono
mic processes, it is also necessary to consider the 
photodissociation of nitrous oxide molecules in the 
solar radiation field. In the earth's atmosphere, various 
spectral regions must be considered when the N2 ° 
absorption cross sections are compared with the ozone 
and oxygen absorptions. The absorption cross sec
tions of N 2 0 are well known (Zelikoff et at., 1953) 
in the region of the 02 Schumann-Runge continuum 
and bands. In the region of ozone absorption (Hartley 
and Huggins bands), where a very weak absorption 
was detected by Sponer and Bonner (1940), there are 
measurements made by Thompson et at. (1963) to 
2400 A and by Young (cf. Bates and Hays, 1967) 
to the spectral limit near 31 50 A. The average cross 
sections which have been adopted, for spectral ranges 
of 500 cm- l

, are presented in figures I and 2 ; 
they vary from less than 10-23 cm2 for A > 2500 A 
to about 10-20 cm2 near 2000 A and up to 10- 17 

cm2 in the Schumann-Runge continuum. Considering 
the number of photons available at the top of the 
earth's atmosphere (cf. Ackerman, 1971) the N 2 0 
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Average absorption cross section of N 2 0 adopted for 
Av = 500 cm-1 between 3 x 104 and 4.5 x 104 cm-~ 
Absorption cross section identical to photo dissociation 
cross section. See Bates and Hays (1967). 

10.'Or--.----.------r---..-----.----.r---""l 

(All = SOOcm-'1 
z 
2 

~ 
~ 10-'& 

u 
z 
o 

~ 10-'9 
fil 
III 
<{ 

10~OLL--'--;-, __ ...l.... __ ---' ___ -'--__ -'-,--__ '--

5.10 6 7.10' 
WAVE NUMBER(cm-'1 

Fig. 2 

Average absorption cross section of N 2 0 adopted for 
Av = 500 ern- l between 4.5 x 104 and 7_5 x 104 . 
Absorption cross section identical to photodissociation 
cross section_ 

photodissociation coefficient at zero optical depth is 

(10) 

At the stratopause level (50 km) the photodisso
ciation is due to radiation of (see figure 3) 

1750 A < A < 2500 A , 
and 

J50 km (N2 0);= (7 ± I) x 10-7 (11 ) 
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Fig. 3 

Photodissociation coefficient of N 20 for an overhead sun. 
In the troposphere and lower stratosphere, the effect is 
due to radiation of A> 2500 A ; in the stratosphere the 
radiation which is involved corresponds to 

1750 < A < 2500 A . 

In the stratosphere, above 20 km, the absorption 
by molecular oxygen and ozone leads to a rapid 
decrease of the photodissociation coefficient (figure 
3). In the troposphere and lower stratosphere below 
20 km, the photo dissociation is due to the radiation 
which can reach the earth's surface at A < 3150 A. 
Therefore, the photodissociation coefficient depends 
strongly on the solar zenith angle (figure 4) ; it 
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Fig. 4 

Photodissociation coefficient of N 2 ° in the stratosphere for 
various zenith angles . sec X = 1, 1.4, 2 and 4. 

varies by a factor of about 50 in the lower stratos
phere from sec X = I to sec X = 4, i.e. for an over
head sun and a solar zenith angle of about 70°, res
pectively. Such J N 0 values, which correspond to a 

2 

specific ozone distribution with height (Nicolet; 
1970) may vary since there are important variations 
in the vertical distribution of the ozone concentra
tion below the peak in the lower stratosphere and 
upper troposphere. It is, therefore, possible that the 
photo dissociation coefficients adopted below 20 km 
may change by a factor of 2 ; depending on special 
ozone distributions. The average rate illustrated in 
figure 4 corresponds to the values deduced by Bates 
and Hays (1967) since the absorption cross sections 
used for X > 2500 A are identical. A very careful 
analysis is stilI required in order to determine the 
precise photodissociation coefficient due to solar 
radiation of X > 2500 A since it determines the des
truction of N 20 in the troposphere and lower stratos
phere. 

Another important aspect of the N 2 0 photodisso
ciation is the nature of the dissociation products 
(Sponer and Bonner, 1940 ; Zelikoff et al., 1953). 
Nicolet and Vergison (1971) have shown that the 
principal aeronomic process involved in the stratos
phere is the dissociation of N 2 0 into N2 and O. 

With a dissociation energy (N"}. 0 -+ N2 + 0) of 
38.5 ± 0.2 kcal (Dibeler, 1967 ; Okabe, 1967) the 
thresholds for the various dissociation processes, are 
as follows: (see figure 5) 

N 2 0 + hv(X < 7420 A) -+ N 2 e2:) + Oep) 

E> 38.5 kcal (l2a) 

N 2 0 + IIv(X < 3400 A) -+ N 2 ct2:) + OeD) 

E> 84 kcal (12b) 

N 2 0 + hv (X < 2100 A) -+ N 2e 2:) + OeS) 

E > 136 kcal (l2c) 
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N 2 0 + hv(X < 2515 A) -+ N(4S) + No(2I1) ; 

E > I 14 kcal 02d) 

N 2 0 + hv (X < 1695 A) -+ NeD) + NOeI1) ; 

E> 169 kcal (l2e) 

N 2 0 + hv (X < 1458 A) -+ Nep) + NOell) ; 

E > 196 kcal (l2f) 

The photodissociations (12a) and (l2d) are con
sidered to be negligible compared with (12b) and 
(l2c) and with (l2e) and (l2f), respectively ; the 
N 2 0 dissociation (l2a) and (l2b) does not occur 
with conservation of spin. Other processes, such 
as those involving excited states of N2 and NO, have 
also been observed in the laboratory but since their 
thresholds are in the region of the Schumann-Runge 
continuum, they do not contribute to the aeronomic 
dissociation of N 2 0 in the stratosphere. For the same 
reason, processes (12e) and (12f) cannot playa role 
in the mesosphere and stratosphere. For X < 2500 A 
two processes can be involved as far as the required 
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Dissociation curves forN20. For A> 1750A,N10 -;. N2 + 0. 

threshold is concerned, namely processes (12c) and 
(12d). But if we consider the absorption analysis 
made by Holliday and Reuben (1968), tne absorption 
between 1900 A and 2500 A must lead to N2 + 0 
and not to N + NO which is spin forbidden. Further
more, recent experiments also show that the photodis
sociation of N 2 0 into N z and OeD) must be the 
exclusive primary process. According to Preston and 
Barr ( 1971 ), at X = 2139 A the formation of nitrogen 
atoms does not occur « I %) and according to Si
monaitis et al. (1972), the quantum yield of 0 e P) 
at 2139 A and 1849 A for all possible sources is 
0.02 ± 0.02. 



t. 28, fase. 4, 1972 PRODUCTION OF NITRIC OXIDE IN THE STRATOSPHERE 5 

Thus, it is clear that, in the stratosphere where the 
photodissociation results from radiation of wave
lengths greater than 1900 A, the exclusive primary 
dissociation process involving H 2 0 is the production 
of oxygen atoms and not of nitric oxide molecules. 
It appears, therefore, that nitric oxide cannot be 
produced in the stratosphere in the way suggested 
by Bates and Hays (1967) and adopted by Crutzen 
(1970) for a determination of the vertical distribution 
of nitrogen oxides in the stratosphere. 

Nevertheless, as discussed later there is a formation 
of nitric oxide by process (18) in which 0 (I D) atoms 
are formed by the photo dissociation of atmospheric 
ozone. The photo-equilibrium abundance of 0 C p) 
atoms is determined by the balance of its production 
term, corresponding to ozone dissociation, with the 
loss term, corresponding to quenching by molecular 
oxygen and nitrogen ; it is written 

kq [n(N2 ) + nCO'},)] 
(13) 

where J; is the photodissociation coefficient leading 
to 0 e D) atoms and kq is an average quenching rate 
coefficient for N'}, and O2 , 

If kq(Nz ' O'},) 5 x 10- 11 cm 3 sec- l
, which seems 

to be a good average value according to direct and 
relative laboratory measurements (Young et al., 
1968 ; Snelling and Bair, 1968 ; DeMore, 1969, 
1970 ; Paraskevopoulos and Cvetanovic, 1969, 1971 ; 
Yamazaki, 1970 ; Noxon, 1970 ; Donovan et al., 
1970 ; Scott and Cvetanovic, 1971 ; Paraskevopoulos 
et al., 1971 ; Gauthier and Snelling, 1971 ; Lowens
tein, 1971 ; Gilpin et al., 1971 ; Lissi and Heicklen, 
1972), it should be noted that it corresponds to 
about 1/4 of the value of a average kinetic rate coef
ficient of the order of 2 x 10- 10 cm 3 sec-I. 

If we consider the simple formula (McDaniel, 
1964) 

dEl mlm'}, 
~ = - 2- (E - E ) v (l4a) 
dt (m

l 
+ m'},)2 1 2 12' 

we may determine the average rate at which kinetic 
energy is transfered from particles of type I (excited 
oxygen atoms) to particles of type 2 (atmospheric 
molecular oxygen and nitrogen) ; here, m refers to the 
particles mass, m l m(O) and m z = m(Nz ' 02);E 
is the kinetic energy, and v IZ is the collision frequen
cy of excited oxygen atoms with atmospheric mole
cules. Thus. 

with 

dE 

dt 
(14b) 

(15) 

Expressions (14) show that the quenching of 0 e D) 
by N z and Oz will occur after a certain reduction of 
the translational energy of the excited atoms which 
are produced by photolysis of ozone with various 
excesses of kinetic energy. Figure 6a illustrates the 
distribution of the total kinetic energy of O~ and 
0* at various altitudes over equal energy ranges of 
500 em -1. It is clear that the photodissociation of 
0 3 leads to kinetically hot OeD) atoms if it is assu
med that the excess energy is inversely propor
tional to the mass of a fragment. For example, a 
simple way is to assume here that 2/3 and 1/3 of the 
total kinetic energy available are for 0 atoms and 
O2 molecules, respectively. 

Furthermore, there are important differences bet
ween the lower and higher stratosphere due to the 
height variation of the ozone absorption. It can be 
seen (figure 6b) that in the major part of the lower 
stratosphere the total translational energy (Oz and 
0) is less than 5 kcallmole, and, therefore, a quen
ching rate coefficient of 0 e D) by H2 and O2 is 
perhaps not too far from 5 x 10-11 cm 3 sec-I, even 
if the quenching is related to the kinetic energy of 
the excited atoms. In any case, the experimental va
lues of the reaction or quenching rates of excited 
atoms must be carefully checked before being used 
with sufficient accuracy for aeronomic purposes 
since a precision of a factor of two is not adequate. 

An exact determination of the production of 0 (1 D) 
atoms by the photolysis of the stratospheric ozone 
is also required. If, as it appears, the efficiency 
of 0 e D) and O2 e Llg) production is not far from 
unity (DeMore and Raper, 1966) for the process 

0 3 + hv(X < 3100 A) -+ 0zeLlg) + OeD) (16) 

the exact efficiency is not sufficiently well known 
for X> 3100 A. (DeMore and Raper, 1966 ; Jones 
and Wayne, 1969 ; Wayne, 1971). Two values have 
been adopted here, 0 e D)max and 0 e D)min, in 
order to compute the resulting production of nitric 
oxide molecules. They correspond to the production 
of OeD) atoms at 3125 A with 0.5 and 0.0 effi
ciency, respectively. The exact limit for the production 
of 0 e D) atoms should be determined (see for exam
ple, Castellano and Schumacher, 1972) before ob
taining exact values of the 0 (1 D) production. 

Considering all possible errors in the determination 
of the aeronomic rate coefficient it seems that errors 
of a factor of two cannot be avoided; as a result the 
production of nitric oxide molecules cannot yet be 
accurately determined. Furthermore, the exact verti
cal distribution of such a production is related to 
that of the N'].O concentration which, in turn, depends 
on transport conditions in the stratosphere. 

If we consider the destruction of N'].O by photo
dissociation and by reaction with 0 (1 D), the average 
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Number of the fragments of the photo dissociation process 
0 3 + hv(A. < 3100 A) ..... 02(1Li.g) + oeD) which are 
produced per cm 3 and sec over a spectral range of 
500 cm-I at various height levels. 

total loss rate for day-and nighttime conditions at 
each height is given by 
I -10 1 2' n(N20) [JN20 + 2 x 10 nCO D)] HN20 (17) 

This is compensated for, under steady state condi
tions, by a transport from the tropopause 

4>N 0 = n(N20) wN 0 = n(N20)K [I _I 1 
2 2 HN20 HM 

(18) 

where wN 0 is the vertical velocity of diffusion, K 
2 

the eddy diffusion coefficient ; H N
2

0 and HM are 

the N 2 0 and atmospheric scale heights, respectively. 
H N 0 is defined by 

:2 

I I an 

az (19) 
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15 

Number (cm-3 sec-I) of photodissociations of OJ by 

A. < 3100 A leading to O2 e Li.g ) and 0 e D) less than the 
energy indicated in crn- I . 

Figure 7 shows the values of the eddy diffusion 
coefficient which are required in order to maintain 
a vertical distribution of N 2 ° in the stratosphere 
with scale heights H N2 0 = 0.9 HM and H ~ 2 0 I /2 f~ ... !, 

Impossibly high values of the eddy diffusion coeffi
cient (> 105 cm2 sec-I) would be required in the 
upper stratosphere to maintain even a vertical distri
bution with HN 0 = 1/2 HM . In the lower stratos-

2 
phere, values of the eddy diffusion coefficients of 
the order of 2 x 103 cm2 sec- I lead to a vertical 
distribution of N 20 following the atmospheric dis
tribution. Thus, the transport equation for N2 0 
must be used in order tb determine its vertical distri
bution according to various possible values of the 
eddy diffusion coefficient. It is written, from (17) 
and (18), for a steady state 

(20) 
atPov 0) 1 
_~2~ +_ n(N

2
0) [IN 0 + 2 X 10- 10 n*(O)] 0 az 2 2 

Examples of various vertical distribl1tions of nitrolls 
oxide are given in figure 8 ; deduced from (20) 
with lower boundary conditions corresponding to a 



t. 28, fasc. 4, 1972 PRODUCTION OF NITRIC OXIDE IN THE STRATOSPHERE 7 

40 

E 
.x 

w 30 
Cl 
::;) 

= 
~ 
« 

20 

102 103 105 

EDDY DIFFUSION COEFFICIENT (cm2sec·11 

Fig. 7 

Eddy diffusion required to maintain a vertical distribution of 
N 2 0 with atmospheric scale height HM corresponding to 
I.1 H N 0 and 2 H N 0 for a solar zenith angle of 60~ 

2 2 

constant mixing ratio n (NzO)/n (M) = 2.5 x 10-7 

at the tropopause, which is chosen here at 12 km 
and a vanishing flux in the thermosphere abov~ 
150 km. When the eddy diffusion coefficient is 
less than 104 cmz sec- 1 there is a rapid decrease in 
the slope of the NzO mixing ratio with height as iIlu
trated in figure 9. The mixing ratio decreases from 
100 ppbv to 0.1 ppbv in a few kilometers. 
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Fig. 8 

Vertical distributions of N z 0 concentration in the stratos
phere for various values of the eddy diffusion coefficient 
K (cmz sec -1) and for overhead sun conditions. 

It is clear that the vertical distribution of N z ° 
in the stratosphere depends strongly on the values 
of the eddy diffusion coefficients which are adopted 
(Nicolet and Vergison, 1971 ; McElroy and McConnell, 
1971). Furthermore, the vertical distribution also 
depends on the variation with height which is utilized 
for the eddy diffusion (see figure 10 for Krnin and 
Kmax used in figures 8 and 9). The stratospheric 
distribution of NzO is very sensitive to the average 
conditions which are adopted ; examples shown in 
figure 11 indicate that there is only a small difference 
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Variation of the nitrous oxide mixinf! ratio in the stratos· 
phere for various values of the eddy diffusion coefficient 
K (cm2 sec-I) and for a solar zenith angle of 60°. 

between the curves giving NzO concentrations for 
sec X I and K 103 cmz sec- t and for sec 
X 2 and K = 104 cmz sec-t. This must be kept 
in mind since it is not appropriate to assume the 
same average conditions with latitude and season, 
and it must be remembered that the average lifetime 
of an NzO molecule in the stratosphere varies from 
a few days below the strapopause to many years in 
the neighbourhood of the tropopause. 
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Fig. 10 

Minimum and maximum values of the eddy diffusion coeffi • 
cient (cmz sec-i) adopted in the stratosphere (and me
sosphere) for calculation purposes. 

Finally, considering limiting possibilities for the 
aeronomic conditions in the stratosphere (see figure 
12) the flux of Nz ° molecules from the troposphere 
into the stratosphere should be of the order of 

<P(NzO) = (l ± 0.5) x 109 cm- 2 sec-i (21) 

since average conditions should be represented by 
I <secx:S;;;;2 and 103<K< 104 cm Z sec-i. 
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Fig. 11 

Comparison of average distribution of N 20 concentrations 
in the stratosphere for two extreme solar zenith angle 
conditions (sec X = I ; 0° and sec X='2 ; 60°) and two 
eddy diffusion coefficients (K = 103 cm 2 sec-1 and 
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Fig. 12 

Total loss identical, under steady state conditions, to the 
total flux of N 2 0 molecules (cm-2 sec-I). Stratospheric 
conditions are given for solar conditions sec X I, 1.4 
and 2 and for eddy diffusion coefficients between 103 

cm2 sec- I and 105 cm2 sec-I. Tropopause at 12 km. 

Considering the same stratospheric conditions for 
the production of nitric oxide by the reaction of 
OeD) with N 2 0, the total natural production is of 
the order of (see figure 13) 

(22) 
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The vertical distribution of the production of 
nitric oxide depends not only on the vertical distri
bution of the ozone concentration in the stratosphere 
but also on the eddy diffusion coefficient and on 
its vertical distribution ; particularly in the lower 
statosphere. Furthermore, it is related to the exact 
vertical distribution of the concentrations of 0 eD) 
atoms in the lower stratosphere (see curves 0 e D) Max 

and 0 e D)Min in figure 14). 
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Fig. 13 
Total production of nitric oxide molecules (cm-2 sec-I) due 

to the reaction 0 e D} + N 20 -+ 2 NO. Stratospheric con
ditions for sec X = 1,1.4 and 2 and 103<K < 104 cm2 

sec-I. Tropopause at 12 km and two values assumed for 
Oem. 
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Fig. 14 
Vertical distribution of NO production (cm-3 sec-I) for 

various stratospheric conditions sec X I and 2 ; K "" 103 , 

104 cm2 sec-1 ;O(ID)Max and O(ID)Min' 
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Another aspect of the problem of nitrogen oxides 
in the stratosphere is the transport of NO from the 
mesosphere and of NO x from the troposphere. 
Such transports are not only related to the absolute 
value of the eddy diffusion coefficient but also depend 
on their relative scale heights. An upward transport 
of NO" molecules requires a scale height H NO 

" which is less than the atmospheric scale height H M ' 

as can be seen from the conventional formula 

(23) 

As an example, HNOx should be 0.8 HM and 0.3 HM 

if the eddy diffusion coefficient values are 104 and 
103 cmZ 

, respectively, in order to obtain an 
upward flux of 5 x 107 NO molecules cm- 2 sec- I 

where the NO" mixing ratio is chosen to be 3 ppbv. 

Regarding a possible downward transport of nitric 
oxide from the mesosphere into the stratosphere, this 
requires a scale height HNO greater than the atmos
pheric scale height. For example, a scale height 
HNO 2 HM (see formula 23) requires, with an eddy 
diffusion coefficient of the order of lOS cm 2 sec-I, 
NO concentrations of not less than 8 x 108 molecules 
cm- 3 (40 ppbv) in order to obtain a downward flux 
of 5 x 107 cmZ sec-I. This corresponds to the mi
nimum production rate of NO molecules in the stra
tosphere as given by expression (22). 

An additional production of NO, by an increase 
of N 2 0 formed by chemical reaction (1) between 
N z and 0 3 , does not appear to be important if its 
reaction rate coefficient, of the order of 10-z8 cm 3 

sec- I at 3000 K, has an activation energy of the order 
of 20 kcal. It can be seen that this production rate is 
negligible compared with the destruction rate of 
NzO by photodissociation in the stratosphere. The 
rate coefficient 10-34 e-IIOOOIT would be of the 
order of 10 -IZ atthe tropopause and about 2 x 1O-z9 

at the stratopause. At this level, however, an effect 
can occur when a low value, such as 103 cmZsec- 1 

is adopted for the eddy diffusion coefficient. But 
such an effect is not important compared with the 
entire production of NO in the stratosphere. If a 
reaction rate coefficient of the order of 1O-z8 cm 3 

sec- I were adopted for stratospheric temperatures 
of the order of 2000 K, the result would be an im
portant increase of NzO and of NO production. 

But such a high rate coefficient would require expe
mental verification at such low temperatures. 

Finally, if we consider that the emission of nitric 
oxide is of the order of 10 ± 2.5 grams per kilogram 
of fuel consumed by a supersonic jet flying in the 
stratosphere (instead of 42 gm/kgm indicated in 
SCEP, 1970) we obtain, for a conventional 500 SST 
aircraft (334 equiped with four engines and 166 with 
two engines) flying for almost 7 hours a day (SCEP 
1970 ; SMIC, 1971), a yield of nitric oxide of the 
order of 6.7 x lOll gm/year corresponding to an 
average of 8.5 x 107 NO molecules cm-z sec-I. 
Such a value is of the same order of magnitude as the 
natural production of nitric oxide from stratospheric 
nitrous oxide given by expression (22). 

Another process which can produce nitric oxide 
in the stratosphere is the reaction of nitrogen atoms 
with molecular oxygen. This leads, in less than 10 
seconds in the lower stratosphere, to nitric oxide 
molecules. The production of nitrogen atoms in the 
stratosphere is related to the normal ionization by 
cosmic rays and to the exceptional ionization by 
charged particles. At the altitude of 25 km, the num
ber of ion pairs produced (STP conditions with mean 
solar activity at geomagnetic latitude 50°) is of the 
order of 275 cm- 3 sec-I, This corresponds to an io
nization coefficient of about 10-17 sec- I and leads to 
a production of not less than 10 ions cm -3 sec- 1 in 
the lower stratosphere. If we consider that the ioniza
tion coefficient may vary (from Neber's data, 1969, 
private communication) from 2 x 10-18 sec- 1 (equa
tor, all conditions) to 2 x 10- 17 sec- l (high latitudes, 
maximum solar activity), the total ionization in the 
lower stratosphere may correspond to an ion produc
tion varying from 5 x 106 to 5 x 107 ions cm -2 sec-I. 
It is not known which part of this ion production 
may correspond to a dissociative ionization or per
haps to a direct dissociation of N z . If this were not 
a negligible percentage, the action of cosmic rays in 
the production of NO molecules could not be neglec
ted at high latitudes. 

Thus, more measurements are needed before deter
mining with sufficient accuracy the stratospheric 
distribution of N 20 and the importance of the secon
dary sources of nitric oxide in the stratosphere in 
comparison with the production by the reaction of 
electronically excited oxygen atom 0 e D) with ni
trous oxide. 

Manuscrit refu Ie 12 juin 1972 
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