
Planet. Space Sci. 1973, Vol. 21, pp. 939 to %I; Persamon Press. Printed in Northern Ireland 

CHEMOSPHERIC PROCESSES OF NITRIC OXIDE 
IN THE MESOSPHERE AND STRATOSPHERE 

G. BBASSEUB and M. MCOLBT 
Institut d’Mronomie Spatiale, 3 Avenue Circulaire, 1 l&l--Brussels, Belgium 

(Received 21 December 1972) 

Abstract-The behavior of nitrogen oxides in the stratosphere and mesosphere is discussed 
with the aid of a model which introduces the photodissociation of nitric oxide and the for- 
mation of nitric acid. The profiles of the nitric oxide, nitrogen dioxide and nitric acid concen- 
trations are sensitive to the values of the eddy diffusion coefficients which are adopted. The 
evaluation of the various reactions which enter the stratosphere shows the role of the forma- 
tion of nitric acid which is related to the production of OH radicals in the lower stratosphere. 
An increase of the water vapor in the stratosphere leads to a decrease of nitric oxide and nitro- 
gen dioxide. 

1. INTRODUCTION 

The theory of nitric oxide in the Earth’s atmosphere must be based on the ionospheric 
properties in the F- and E-regions (Norton and Barth, 1970; Strobe1 et al., 1970; Nicolet, 
1970a; Strobel, 1971a, 1971b). Ionic reactions lead to excited atoms N(aD) which react with 
0, in order to form nitric oxide molecules. In addition, dissociative ionization in the E- and 
D-regions is also a source of odd nitrogen atoms since solar X-rays of 1< 31 A lead to 
mostly dissociative ionization (Van Brunt et al., 1972). As far as cosmic rays are con- 
cerned, it is clear (Nicolet and Aikin, 1961; Nicolet and Peetermans, 1972) that an 
important fraction of the ionization leads to dissociative ionization of molecular nitrogen 
and, therefore, to a production of nitric oxide through the reaction of nitrogen atoms in 
the normal state with molecular oxygen. 

The aeronomic behavior of NO in the D-region requires, however, a different analysis 
(Strobel, 1972) since it depends strongly on its dissociation rate. 

The photodissociation coefficient of nitric oxide in the mesosphere and stratosphere is 
difficult to calculate since the atmospheric attenuation depends on the absorption by the 
Schumann-Runge bands of 0,. Such a calculation has been made recently by Cieslik and 
Nicolet (1973) by using detailed cross sections values of molecular oxygen determined by 
Ackerman et al. (1970) and Kockarts (1972). The total photodissociation coefficient of 
NO which is adopted here is of the order of lp set-r at the mesopause level for a solar 
zenith angle of 60”, reaches about 1O-s se+ near the stratopause and is not far from 
lO-B se& at 30 km. With such values of the daytime dissociation coefficient of NO, 
an attempt is made to estimate the mesospheric and stratospheric abundances of nitric 
oxide. In addition, various parameters are considered in order to determine the possible 
variations in the production of nitrogen oxides in the stratosphere and also the simul- 
taneous vertical distribution of nitric oxide, nitrogen dioxide and nitric acid. 

2. ABBONOMIC REACTIONS IN THE CHBMOSPHBBE 

If we consider the various reactions which are involved in the mesosphere and strato- 
sphere it is clear that atomic nitrogen has a very short life time since reactions such as 
(Nicolet, 1965, 1970) 

N + OH + H + NO + 49 kcal (1) 
N+0a-+02+NO+ 126kcal (2) 
N + O,+O + NO + 32 kcal (3) 

939 
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are normal aeronomic processes. In fact, below the mesopause, the principal process is 
reaction (3) which can be written in different ways from 

to 

b 
7 

= 5 x 1()-13771/2e-3500/' ,,e set-' 
(44 

or 
b, = 2.2 x 10--13~1/2~--3WT cm6 see-l 

(4b) 

b, = 7.5 x l()-15Te-3000’T cm6 set-l (4c) 

according to recent laboratory determinations (Becker et al., 1969 and ref. infra). 
On the various aeronomic processes leading to the union of odd nitrogen atoms, 

only the following reaction (Nicolet, 1965) is important 

N + NO -+ 0 + N, + 75 kcal, (5) 

with a rate coefficient known within a factor of two 

b, = (1.5 k 0.5) x 10-12T1/2 cm3 set-l, (6) 

which may represent the laboratory measurements (Philipps and Schiff, 1962; Schiff, 
1969; Baulch et al., 1969). 

If we now choose for aeronomic conditions the chemical equilibrium of nitric oxide, 
the equation is simply 

n* (NO) = b,n,/bs (7) 

where the n, indicates the particle concentration (here molecular oxygen). However, in 
addition to the nitric oxide loss process (5), account must be taken of the photodissociation. 
The predissociation, which was introduced by Bates (1952) as an aeronomic process 

NO + hv(l < 1908 A) -+ N + 0, (8) 
leads to 

n(N0) b+ -= 
n(N) JNO + MN) 

(9) 

which corresponds to photochemical equilibrium conditions if JNO is the photodissociation 
coefficient of NO. 

In fact, considering an atomic nitrogen production, we must write 

dn(N) 
7 + VW&NO) + bd031 = n(NO)JNo -I- J’(N) (10) 

in which the last term on the right takes into account any possibility of atomic nitrogen 
production by direct or indirect dissociation of molecular nitrogen. In the mesosphere 
and stratosphere, the lifetime of atomic nitrogen is very short and chemical equilibrium 
is reached very rapidly. It is, therefore, evident that the following equation can be used 

n(N) = 
WOIJNO + P(N) 

b.dNO) + b7n(02) * 

The differential equation related to the variation of the nitric oxide concentration is 

y + n(NO)[JNO + b,n(N)] = b,n(O&n(N) -I- P(N0) (12) 
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in which P(N0) is an independent source of NO, which has been identified by Nicolet 
(1970b) as coming fromN,O reacting withO(1D) produced by the ozone photodissociation. 
Such a source has also been adopted by Crutzen (1971), McElroy and McConnell (1971), 
Nicolet and Vergison (1971), Nicolet and Peetermans (1972), Johnston (1972), etc. 

Thus, the general photochemical conditions which can be applied to NO and N are, 
from (11) and (12), 

‘T + y + 2b,n(NO)n(N) = P(N) + P(N0). (13) 

However, at stratospheric levels, in the ozonosphere, it is necessary to consider in the 
study of nitric oxide the reaction with ozone leading to NO, and subsequent reactions 
involving nitrogen trioxide, tetroxide and pentoxide (Nicolet, 1965). Furthermore, since 
hydrogen compounds are present in the stratosphere, several important reactions of 
hydroxyl or hydroperoxyl radicals, which lead to nitrous and nitric acid, must be involved 
(Nicolet, 1965). 

Two bimolecular processes in which NO and NO, are involved must be considered 
as important aeronomic reactions. The first one is a reaction with atomic oxygen 

(b3) ; 0 + NO, -+ NO + 0, + 46 kcal. (14) 

This is known to be rapid and the most recent measurements (Davis et al., 1972) indicate 
that the exact value should be 9 x lo-l2 cm3 see-l. The other reaction of nitric oxide 
with ozone leads to ground state NO, molecules 

(&) ; 0, + NO -+ NO, + 0, + 48 kcal (15) 

with a rate coefficient (Johnston and Crosby, 1954; Clough and Thrush, 1967), which 
can be given by 

b, = (1 f 0.3) x 10-12e-1250/r cm3 se+. (16) 

In addition to these two reactions involving NO and NO,, the photodissociation of NO, 
occurs in a sunlit atmosphere 

(JNo*); NO, + hv(2 < 4050 A) + NO + O(Y) 

with an average photodissociation coefficient at the stratopause 

(17) 

JmI = 1 x 1O-2 set-l (18) 

if the absorption cross sections of Hall and Blacett (1952) and relative yield of Jones and 
Bayes (1972) are adopted. The absorption in the stratosphere is very small and JNo, (15 km) 
is still of the order of 8 x 10m3 sec- l. Neglecting other possible reactions, we may write 
for stratospheric conditions 

dn(NQJ 
dt 

+ n(NWJ,o, + h4Wl = MQMW (1% 

and we must insert in (13) the reactions (14), (15) and (17) in order to consider all processes 
involving NO, and NO. Nevertheless these reactions may be at once eliminated from the 
equations if we write 

WN) + dn(NO) + WNOd -- 
dt dt dt 

+ 2b&NO)n(N) = P(N) + P(N0). (20) 
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Furthermore, for daytime conditions, a photoequilibrium exists between NO and NO, 
and the ratio n(NO,)/n(NO) is given by 

n(NW b4n(03) -= 
n WV JNO~ + MO) ’ (20 

An example of a vertical distribution of the ratio NO,/NO in the stratosphere is given in 
Fig. 1. The ratio n(NO,)/n(NO) is of the order of 1 in the major part of the stratosphere. 
However, it is less than 1 at 40 km and decreases rapidly to become of the order of 10-a 
at the stratopause. Finally, as conditions for explaining the lower stratosphere processes, 
we have other chemical reactions involving odd nitrogen atoms in polyatomic molecules 
such as the nitrous and nitric acids and other nitrogen oxides. They must be added to Equa- 
tion (20). Several of them may be at once eliminated since their action is not important. 

STRATOSPHERE _ 

40- ntN021/nlNOl 

see x i 2 

20 - 

10 - 

10-Z 10" I Id 

NO2 -NO RATIO 

F10.1. VERTICAL DLWRIBUTIONINTHESTRATOSPHEREOFTHERATIO n(NO,)/n(NO) POR ASOLAR 

ZENITH ANGLE OF 60”. 

Among the various reactions (Nicolet, 1965) we shall, therefore, confine ourselves here 
to the case of HNO, as the principal constituent. In the most simple way, we consider the 
production of nitric acid by the reaction 

(b,,); OH+NO,+M+HNO,+M (22) 

which has been the subject of several laboratory measurements (Simonaitis and Heicklen, 
1972; Morley and Smith, 1972; Anderson and Kaufman, 1972). The rate coefficient of 
(22) is well determined and it can be taken as 

b,&He) = (1.1 rt 0.2) x 10-30n(He) cm3 se&. (23) 

For an atmospheric constituent such as N, as third body (Anderson and Kaufman, 1972), 
the rate coefficient becomes 

b,,n(N,) = 2 x 10-ao~(N,) cm3 se+ (24) 

which is a relatively high value. The high-pressure limiting rate coefficient seems to be 
of the order of 

b,,’ = (5 A 1) x lo-l2 cm3 se&. (25) 
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The principal bimolecular reaction in which HNO, is involved in the stratosphere should 
be 

(&,); OH + HNO:, -+ H,O + NO, (26) 

with a rate coefficient at 300°K (Hussain and Nor&h, 1963; Morley and Smith, 1972) 
of the order of 

b,, = 1.5 x 10-ls cm3 set-l. (27) 

The possibility of finding a re-formation process for OH from HNO, is a photodissociation 

(JnNc8); HNO, + hv + OH + NO,. (28) 

I 1 111111 

Icra Iti I$ 
PHMOOISSOClATIoN COEFFICIENT luc-‘I 

FIG. 2. PIiOTOD IS.XKIATION COEFF’ICIENT OF NITRIC ACID FOR VARIOUS SOL&R ZENITH ANGLES 

(s&2 x = 1,OVERI-D3AD SUN. 1.4, 45”, 2, 60”, . . .) FOR f > 2200 A. 

HNO, absorption cross section measurements have been made by Biaume (1972) in 
our laboratory. From his results we obtain the following photodissociation coefficient 
at zero optical depth 

J HNOS = 3.5 x 1O--6 set-l for 2 > 2200 A (29a) 
1.7 x 10-* set-1 for 3, > 1800 A. (29b) 

The variation with solar zenith angle at various altitudes in the stratosphere is illustrated 
by Fig. 2. The atmospheric model used by Nicolet (1970) has been adopted in order to 
determine the penetration of the solar radiation (Ackerman, 1971) in the chemosphere. 

Neglecting the reaction between 0 and HN03, and keeping only the three last principal 
reactions, the photochemical equation of nitric acid thus becomes 

dn(HN0,) 

dt 
+ ~(HNOW~NO, + h@Wl = kdW4W~Wb). (30) 

Examples of the ratio n(HNOJn(N0.J are illustrated in Fig. 3 for photoequilibrium 
conditions and various values of n(OH) in the stratosphere. The ratio of nitric acid and 
nitrogen dioxide concentrations is greater than 1 in the lower stratosphere. The ratio 
decreases rapidly above 35 km (< 1) and reaches less than & in the upper stratosphere. 
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FXG. 3. VERTXCAL DsTRIBuTIO~ IN THE STRATOSPHERE OF THE RATIO ~~NO*)~~(NO~) FOR 
.WLAR ZENITH ANGLE OF 60” AND VALUES OF OH ACCORDING TO NICOLET AND PEETERMANS 

(1973). 

In order to treat the general problem, we must consider the effect of NO, and N205. 
The principal reactions for NO, are (Nicolet, 1965; Johnston, 1970; Crutzen, 1971; 
Levy, 1972) 

(4,); 0, + NO, -3 NO, + 0, (31) 

(&a); &W-O; NO, + hr, --+ NO, + 0 (32) 

JNO--0,; NO,+hv,-+NO+O, (33) 
(b,,); NO, + NO - 2 NO, (34) 

@I&; NO, + NO, + M - N,Os + M (35) 

(W; N&j - NO, + NO,. (36) 

The photochemical equation has the form 

dn(F + n(NO,)EJ,o,_o + JNo--0s + M(NO) + bWW1 

= ~,~(O&tNO,) + b,,n(N,Os) + ~~,~(OH)~(HNO~). (37) 
Another reaction can be introduced for N,O,; it is 

(bsr); N,O, + H,O -+ 2 HNO, (38) 

which leads to the photochemical equation 

dn(;;06) + n(NzO,)[b,, + b,,n(H,O)] = b,,n(M)n(NO,)n(NO,). (39) 

By combining all equations without neglecting a term, we find that the differential photo- 
chemical equation for odd nitrogen atoms is 

dn(N) + dn(N0) + dn(N0,) dn(NO,) da(HN0,) -- 
dt dt dt 

+ 
dt 

+ 2 dn(N,O,) 

dt 
+ 

dt 

= P(N) + Z’(N0) - 2b,n(N)n(NO). (40) 
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It will be convenient to write the left hand terms above, dn(NO,,)/dt which corresponds to 

&?Q) = n(N) + n(NO) -1 @NO,) + n(NO,) + 2ntr\r,s,) + n(HNOs) (4la) 

and practically for the whole stratosphere 

n(NO,) = n(N0) + n(N0,) + n(HNO& = n(NOJ + n(HN0,). (41b) 

At the stratopause and in the mesosphere 

n(N0,) = n(N0); (4lc) 
in the upper stratosphere 

n(N0,) = n(N0) -t n(N0,) = n(N0,) 

and in the lower stratosphere 

(41 d) 

VOJ = MHNO,) + n(NO,) + ~30). (41e) 

3. THE CONTmuITY EQUATION 

Introducing the equilibrium value (11) for the atomic nitrogen concentration into the 
general photochemical Equation (40), the latter becomes 

WNO,) + 2b,Jm x 
n2(NO) b,~(O~) - b,n(NO) 

dt b&NO) + MO,) = MO,) + b&NO) 
%WJN, + f’(NO) 

where b&O,) > b&NO). 
Let us use the ratio 

(42) 

n(W) _ R 

WO) 
(43) 

in order to write (42) as follows 

dn(WJ 
+ 2b,Jm, x 

n2(N0,) 
dt NbtNOJ + Rb,GVl 

= 2 Rb,n(O,) + b,n(NO,) 
~NIJN, + WO). (44) 

Finally, introducing the control by eddy transport process, the continuity equation for 
NO, is given by the addition of div [~(NO~)~(NO~)] to (44). Thus, we must have, in 
general, at any point of the stratosphere and mesosphere, the following equation per- 
taining to the variation of NO, 

+ div @(NO,) + 2baJNo 
n2(NW 

at R[RbM&) + bWO,)l 

With this equation, it is possible to deduce the vertical distribution and the total flow of 
NO, molecules. 
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The eddy diffusion current is given by 

@(NO,) = n(NO*)w(NO~) = rz(NO,)K ---_.!- C 1 - - I WWJ I-09 
(46) 

where w(NO,,) is the vertical diffusion velocity and K is the eddy diffusion coefficient. 
H(NO,,) and H(M) denote the NO, and atmospheric scale height, respectively; they are 
given by 

- 

and 

1 1 WNOJ __ 1 W 

H(NO,)=n(NO,) aZ +Taz 

1 1 &r(M) t 1 aT __-=-- 
H(M) n(M) az T az ’ 

(4% 

W) 

The lower boundary conditions will be determined at the tropopause level (here 15 km) 
by three values of the fractional volume concentration of NO,, namely an average value 

EDDY DIFFUSION COEFFICIENT km* SW- I 

FIG. 4. EDDY DIFFUSION K&, AND Kmax ADOPTED FOR THE DITI%WIN AnON OP VERTICAL 
DI~U~ON OF NpO AND TRANSPORT CONDITIONS IN THE STRAlWl’HERE AND h@SOsPHERE. 

of 1 x 10-s and minimum and maximum values corresponding to 3 x lo-* and 3 x 10-8, 
respectively. 

The upper boundary conditions are determined at 100 km by a concentration of nitric 
oxide which may correspond to an observational value, namely 10s NO molecules cm-s. 

In order to consider various possibilities for the coefficient of vertical diffusion we 
have adopted two extreme conditions where the eddy diffusion coefficient varies with 
height, K* and K,,,, as illustrated in Pig. 4 and as used before by Nicolet and Vergison 
(1971) and Nicolet and Peetermans (1972). 

4. PRODUCTION OF NITRIC OXIDE AND ATOMIC NITROGEN 

The production of nitric oxide molecules is given by 

P(N0) = 2 x 10-lon(N~O)n[O(lD)] cm-a see-l (48) 

as given by Nicolet and Peetermans (1972). The relevant numerical data involving maxi- 
mum and minimum values of the concentration of lD oxygen atoms are summarized in 
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TABLE 1. PRODUIXION (cm-S s~c-~) OF NO BY OXIDATION OF N,O 
(set x = 2) 

Altitude 

(km) 

9 9 
31 36 

25 72 42 65 38 
30 112 82 60 44 

ii 107 45 93 43 9 x 5 10-l 9 x 4 10-l 
50 1 1 2 x 10-s 2 x 10-z 

Table 1. We prefer the maximum values since the photolysis of 0s at 3130 A indicates a 
quantum efficiency of OeD) production of about 0.5 (Simonaitis et al., 1972). 

As far as the production of nitrogen atoms is concerned, we may introduce several 
processes. First, the predissociation of N, in the Lyman-Birge-Hopfield bands, namely 
(7-O) at 1250A, (8-O) at 1226 A and (9-O) at 1205 A (Bates, 1954; Nicolet, 1954,1965; 
Strobel, 1971) leads to a production of nitrogen atoms which is of the order of 10 atoms 
cm-s se+ in the lower thermosphere. In fact, the most penetrating radiation corresponds to 
1226 A for which the absorption cross section is of the order of 5 x 1O-2Q cm2, and ac- 
cording to Bates (1954) and Strobe1 (1971), the dissociation coefficient at zero optical 
depth is of the order of 10-12 see-l. 

The ionization by cosmic rays (Nicolet and Peetermans, 1972; Warneck, 1972) also 
leads to a production of nitrogen atoms. The average production of ion pairs (deduced 
from Neher, 1969) is given in Table 2 between 85 km and 35 km. This table shows that 
there is a large variation with latitude, almost a factor of 10 between the Equator and high 
latitudes. It is clear that in the whole mesosphere the ionization production, which can 
play a role in the lower D-region, is not important for the dissociation process of molecular 
nitrogen. As far as solar activity is concerned, its effect is particularly important for 
geomagnetic latitudes greater than 50’; there is almost a factor of 2 between mimimum 
and maximum solar conditions (see Fig. 5a). At the stratopause, the ion production is 
more than 1 cm9 set-l at high geomagnetic latitudes (>50”). 

TABLE 2. ION PRODUCTION BY COSMIC RAYS (MEAN VALUE; Cm-’ SeC-I) 

Altitude 

w-4 0” 

Geomagnetic latitudes 

30” 50” 7o” 

85 
80 
75 
70 
65 
60 
55 
50 

ii 
35 

3.4 x 10-b 6.0 x 1O-4 1.7 x 10-s 2.8 x 10-a 
8.2 x lo-’ 1.5 x 10-a 4.2 x 1O-a 6.8 x IO-8 
1.8 x lo-* 3.3 x 10-a 9.3 x 10-a 1.5 x 10-a 
3.8 x 1O-8 6.9 x lo-¶ 2.0 x 10-a 3.2 x 1O-a 
7.4 x IO-’ 1.3 x lo-’ 3.8 x lo-’ 6.2 x lo-’ 
1.4 x lo-’ 2.4 x lo-’ 7.0 x 10-8 1.1 x 10-I 
2.5 x lo-’ 4.3 x 10-a 1.2 x 10-l 2.0 x IO-’ 
4.4 x 10-p 7.9 x 10-a 2.2 x 10-l 3.7 x 10-l 
8.1 x lo-* 1.5 x 10-I 4.1 x lo-’ 6.7 x 10-l 
1.5 x 10-l 2.8 x 10-l 7.9 x 10-l l-3 
3.2 x 10-l 5.6 x 10-l 1.6 2.6 
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Fm. 5(a). ION PAIR PROl3UCX'lON VERSUS t3EOMAGNETIC LATITUDE BY COSMIC RAYS DEPENDING 

ON SOLAR ACTIVlTY: MAX FOR MINIMUM SOLAR ACTIVITY AND MIN FOR MAXlh.fUM SOLAR 

ACTIVITY. 

IONIZATION By COSMIC RAYS 

10 - 

FROM NEHER ,1911, 

12 20 K 10 35 40 

Fro. 5(b). ION PAIR PRODUCTIONIN THE TROPOSPHERE AND STRATOSPHERE AT HIGH LATITUDES 

(THULE,GREENLAND),FORM~NIMUMANDMAXIM~.JMSOLARCOND~IONS. 

The galactic cosmic radiation which is essentially isotropic as observed on the Earth 
is modulated by the interplanetary magnetic field. Thus the primary cosmic radiation that 
reaches the Earth is minimum at periods of maximum solar activity. Its composition which 
is about 83 per cent protons, 12 per cent alpha particles and I per cent of other elements 
leads to an ionization principally by protons which appears under different forms. Warneck 
(1972) has made an estimation of a total yield of odd nitrogen corresponding to _5 for 
each ion pair produced by cosmic rays. It is known that the secondary electrons ejected 
by the proton ionization (Dalgarno, 1967) produce much of the ionization. If a part of 
the electron impact ionization corresponds to positive ions Nz+ and O,+, dissociative 
ionization (Rapp et tal., 1965) and dissociative excitation (Mumma and Zipf, 1971) also 
occurs leading, for example, to N+ and N. However, the dissociative excitation is only a 
fraction of the total ionization (cross section less than 10-l’ cm2) while the dissociative 
ionization is of the order of 20-30 per cent of the total ionization; the maximum cross 
section for Na reaches only 6 x 10-l’ cm 2. If the result published by Winters (1966) on 
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the dissociation cross section of N, for electron energy from 0 to 300 eV is accepted, the 
total dissociation cross section for nitrogen is greater than 15 x 10-16 cm2 for electron 
energies from about 40 to 280 eV with a maximum value of 2 x IO-l6 cm2 at an electron 
energy of about 90 eV. Comparison of such data with the cross sections for dissociative 
ionization published by Rapp et al. (1965) indicates that the dissociative ionization corre- 
sponds to about i of the total dissociation. Thus, there is a possibility to consider that the 
number of nitrogen atoms, which come from the dissociation of N, due to the impact of 
electrons produced by the primary ionization of cosmic rays, is of the order of the number 
of the ion pairs produced at the same altitude. If such dissociation process is accepted, 
it is clear that the production of nitrogen atoms is important at high latitudes (0 > 60”). 
A summary of observational data {Neher, 1971) is illustrated in Fig. 5(b) where two curves 
show the vertical distribution of the ion pairs produced at Thule, Greenland, between 5 
and 25 km. Peaks between 30 and 40 ion pairs are produced in the low stratosphere at 
around 12 km and 14 km, respectively. An equivalent production of nitrogen atoms 
(50 per cent of the total ionization of N, corresponding to an identical dissociation of 
that molecule) is certainly more important than the photochemical production of NO 
from N,O at high latitude during the winter. On the other hand, the dissociation of N, 
is less important than the production of NO at low latitudes. For that reason, we have 
not introduced the production of nitrogen atoms by cosmic rays in all computations and 
we use here a conventional production as given in Table 2 and a few examples will be given 
with a production P(N) = 1 or 10 cm-3 set-l in order to show the real effect of an atomic 
nitrogen production. 

Finally, we may add that there is a possibility of an increase, in the D-region, of the 
production of nitrogen atoms due to special solar effects such as resulting from solar 
flares and corpuscular radiation penetrating into the D-region. A special study is required 
for each case. But we consider that such additional effects cannot change the general 
conclusion even if they may disturb the normal distribution of nitric oxide in the 
mesosphere. 

5. NITRIC OXIDE AND OTHER NITROGEN OXIDES 

The steady-state continuity equation which is used for the mesosphere and stratosphere 
is, from (45), 

where P(N0) (Nicolet and Peetermans, 1973), calculated by (48) as given in Table 1, is 
illustrated in Fig. 6 for a solar zenith angle 60’; 2n(N2)JN, will be arbitrarily taken as 
0, I and IO cm-3 set-l in order to make various comparisons. 

To solve (49) we have prescribed, as indicated before, an upper boundary condition 
with n(N0) = 108 cm-3 at 100 km which may represent an average observational value 
(Meira, 1971). 

At the lower boundary, which corresponds to the tropopause, the appropriate condition 
is more difficult to prescribe since there are different tropopauses versus latitude. Here 
we have taken as NO, fractional volume concentration an average value of 1 x 1O-8 at 
15 km and as indicated before two other extreme values 3 x 10-B and 3 x IO-s. 

We have explored the effect of the photodissociation of NO compared to a model 
where NO is not subject to dissociation in the lower thermosphere and mesosphere. It 
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FIG. 6. 
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Fro. 7. THEORETICAL NITRIC OXIDE CONCENTRATTON PROFILE FOR A VARIETY-OF CONDITIONS. 
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VERY HIGH EDDY DIFFUSION COEFFICIENT (DOTTED LINE). 

is clear from Fig. 7, which shows the effect of dissociation, that the photodissociation 
process leads to a rapid decrease of the nitric concentration in the mesosphere. From 
results illustrated in Fig. 8 where additional productions of atomic nitrogen of one atom 
cm-s set-1 and ten atoms cm4 set-l are considered, it can be deduced that such produc- 
tions are too low in the lower thermosphere to affect the vertical distribution of nitric 
oxide which depends only on the value of the eddy diffusion coefficient. But, in the meso- 
sphere there is a minimum between 80 and 70 km which is strongly related to the production 
of atomic nitrogen particularly when the eddy diffusion coefficient is taken with a too 
low value. When K,, is adopted, the NO concentration strongly depends on transport 
conditions and not very much on the production of nitrogen atoms. Since turbulence 
in the mesosphere must lead to a fairly high value of the eddy diffusion coefficient, it is 
possible to consider that concentrations of NO between 108 and 10’ molecules cm-S near 
70 km are more realistic than low values of n(N0) between lo6 and 10” molecules cm-a. 
Such results explain why nitric oxide was not observed by Jursa et al. (1959) between 
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CONCENTRATION km-‘1 

FIG. 8. VERTICAL DJSTRIEUTION OF THE CONCENTRATION OF NITRIC OXIDE IN THE LOWER 
THERMOSPHERE AND hIESOSPHERE ACCORDINO TO DIFFEREW TRANSPORT CONDITIONS K,i, AND 
Km., AND VARIOUS PRODUCTIONS OF NITROGEN ATOMS P(N) = 0, 1 AND 10 cm-8 Se+. 

STRATOSPHERE 

10-m 104 10-l 
NOy FRACTIONAL VOLUME CONCENTRATION 

FIG. 9. NO, CONCENTRATION IN THE STRATOSPHERE. NO, = NO, + HNOI = NO + NO% + 
HNOs. CONDITIONS DEPENDING ON THE EDDY DIFFUSION COEFFICIENT. 

63 and 87 km; the NO concentration is less than 108 cm -3. Nevertheless, if we consider the 
possibility of a very high eddy diffusion coefficient in the whole mesosphere such as values 
of the order of 108 cm2 set-l at 100 km, 10’ cm2 set-l at 90 km, 108 cm2 se+ at 60 km 
and lo5 cm2 se+ at 50 km (Zimmerman, private communication) the NO profile in the 
mesosphere is modified since it is very sensitive to eddy diffusion coefficient. In any case, 
it seems that it is not possible to reach NO concentrations greater than 108 cm3. 

In the stratosphere (Fig. 9) there is a peak of the vertical distribution of the mixing 
ratio of NO, which is related to the production peak of NO. Its value depends more on 
the production rate than on the lower boundary condition which has been assumed at the 
tropopause level. There is a difference in the upper stratosphere between K* and K,,, 
leading to a difference of about a factor of ten in the mixing ratio or in the NO concentra- 
tion (Fig. 10). NO is the principal nitrogen oxide constituent only in the upper stratosphere 
near the stratopause. In the middle stratosphere, it is necessary to consider NO and NO, 
with HNOs. 
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NOy CONCENTRATION km-‘) 

FIG. 10. NO, CONCENTRATION IN THE STRATOSPHERE FOR TWO DIFFERENT CONDITIONS OF THE 

EDDY DIFFUSION COEFFICIENT. NO, = NO, + HNOs = NO + NOa f HNO*. 

CONCENTRATIONtcm-“I 

FIG. 11. EFFECT OF A DISTURBANCE IN THE STRATOSPHERE ON THE VERTICAL DISTRIBUTION OF 

NO, WHEN THE MIXING RATIO IS 3 x 10-O AT 15ktn. EFFECT OF A PRODUCTION OF 1 OR 10 
NITROGEN ATOMSCHl-aSW-l. 

When various sources of production of atomic nitrogen are added to the direct produc- 
tion of nitric oxide there is no great difference in the major part of the stratosphere. The 
vertical distribution of the concentration of NO, (Fig. 11) or of its fractional volume 
abundance (Fig. 12) are not disturbed by a source of one nitrogen atom cm-3 set-l or even 
by ten nitrogen atoms cm4 set-l except near the stratopause for conditions of very low 
eddy diffusion coefficient. However, the variation which is shown near the stratopause 
cannot occur since it is difficult to imagine in the upper stratosphere sources of ten nitrogen 
atoms cm-3sec-? However, in the polar night or in high latitudes during the winter 
season, the production of nitrogen atoms would be equivalent to the ion pair production 
illustrated in Fig. 5(b), if the dissociation is represented by 50 per cent of the total ionization. 

In order to see detailed effects of the production and loss process of NO, Figs. 13 and 
14 include the three terms P(N0,) the production rate of NO, L(NO,) the loss rate and 
div @(NO,) the transport rate related to the eddy diffusion coefficient. In Fig. 13 represent- 
ing conditions for the minimum value of the eddy diffusion coefficient, K,rn, the effect of 
the production of NO below 35 km is counterbalanced by its transport to the troposphere. 
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FIG. 12. DLWRIBUTION OF THE MIXING RATIO OF NO, IN THE STRATOSPHERE WHEN PRODUCTTON 

OF NITROGEN ATOMS IS INVOLVED. 
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FIG. 13. PRODUCTION, LOSS AND TRANSPORT RATES IN THE LOWER THERMOSPHERE, MESOSPHRRE 

AND STRATOSPHERE IF THE EDDY DIFPUSION IS VERY LOW. EFFECT OF AN INCONCEIVABLY HIGH 

PRODUCTION OF 10 NITROGEN ATOMS IN THE UPPER STRATOSPHERE AND LOWER MESOSPHERR. 

In the region between 40 and 70 km the transport would not be important since chemical 
equilibrium conditions can occur more rapidly. In the lower thermosphere the downward 
flux corresponds to the loss by photodissociation. When the eddy diffusion K,,, is used 
in the calculation (Fig. 14) the NO production and loss rate are less sensitive to the effect 
of additional sources. The effect is not important in the whole stratosphere and is really 
negligible in the lower thermosphere. However, since a normal production of ten nitrogen 
atoms at 60 km cannot be accepted, the various rates of production of loss and of transport, 
which are indicated in Fig. 14 without additional production of nitrogen atoms, illustrate 
the general conditions for atmospheric conditions represented by Km,,. If the atmo- 
spheric conditions are such that the maximum eddy diffusion coefficient Km,, is not too 
far from real conditions in the mesosphere it seems that aeronomic conditions in the strato- 
sphere require a low eddy diffusion such as Kmin. The comparison of the effect of these two 
eddy diffusion coefficients, which is given in Fig. 15, shows how the upper stratosphere 

6 
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FIG. 14. PRODUCTION,LOSS AND TRANSPORTRATES WITH A HIGH EDDY DIFPUSION COEFFICIENT 
EVEN IN THE STRATOSPHERE. EFFECT OF A PRODUCTION OF 10 NITROGEN ATOMS Is NOT VERY 

IMPORTANT. 

10-l 1 IO 100 1000 

RATE Icni’sd) 

FIG. 15. COMPARISON OF THE VARIOUS RATES (PRODUCTION, LOSS AND TRANSPORT) WHERE 
TWOEXTREMEEDDYDIFFUSIONCOEFF'ICIJ3NTSARECONSIDERED. 

and the whole mesosphere are affected as far as the production and loss terms are concerned 
when extreme values are adopted for the values of the eddy diffusion coefficients. 

In Figs. 16 and 17 two examples for Kmar and Kmin show that the loss and transport 
terms are not too much affected when the lower boundary conditions are changed by a 
factor of ten. 

If we consider the vertical distribution of each constituent HNO,, NO, and NO for a 
steady state represented by three different lower boundary conditions, we can see (Fig. 18) 
the variety of profiles. The vertical distribution of the mixing ratio of HNO, which is 
shown in Fig. 18 indicates that an exact value cannot be found if the exact value of the OH 
radical concentration is not known with precision. Two ratio n(HOJn(OH) = 1 and 9 
show possible limits, but no clear indication can be given without more precise measure- 
ments of the rate coefficient of reactions in which OH and HO, are involved. However, 
it can be said according to the important observations of HNO, by Murcray et al. (1973), 
that the mixing ratio in the lower stratosphere (20-25 km) which is greater than lo4 
requires a relatively high concentration of OH radicals. It seems, therefore, that the 
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FIG. 16. EXPECT OF THE LOWER BOUNDARY CONDITIONS ON THE VARIOUS RATES (LOSS AND 

TRANSPORTTERM). wITHOIJTGRBATIMPORTANCE. 
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FIG. 17. PRODUCTION,TRANSPORT AND LOSS RAW WHICH CAN BE CONSIDERED ASTHEMOST 

PROBABLE IN THE STRATOSPHERE. THE PRODUCTION TERM MAY INCREASEIN THELOWER PART 

OpTHBSTRAToSPHEREBYTHECOSMICRAYEPFECT. 

observed vertical distribution of nitric acid in the stratosphere must be analysed by con- 
sidering an exact and relatively high concentration of OH radicals and a lower boundary 
condition of n(NO,)/n(M) > 3 x 1OW. Furthermore, when the lower boundary condition 
is fixed, the values adopted of the eddy diffusion coefficient do not play the essential role 
(Fig. 19) in the vertical distribution of HNO,; again the absolute value of the OH radical 
concentration is important. 

In order to show the differences occurring between the vertical distributions of NO, 
NO, and HNOa in the stratosphere, Fig. 20 shows their mixing ratio for two different 
values of the ratio n(HO&n(OH) when the lower boundary condition at 15 km is 
n(NO,)/n(M) = IO-*. Nitric acid plays the leading role in the lower stratosphere, nitrogen 
dioxide reaches a peak near 35 km and even if the mixing ratio of nitric oxide decreases in 
the upper stratosphere its concentration is greater than that of NO, and HNOS together. 

Figure 21 is an example of the possibility of obtaining a very low mixing ratio of nitric 
oxide in the lower stratosphere; in order to reach mixing ratios less than 1O-B near 20 km, 
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FIG. 18. MIXING RATIO OF MTRIC ACID IN THE STRATOSPHERE FOR VARIOUS CONDITIONS: 
ITZREE DIFFERENTLOWERBOUNDARYCO~IIIONSnfNO,)~n(M) = 3 X l&B,l&sAND 3 X 10" 

~ANDTWODIFFERENTRATIOS n(HOs)/t2(0~) = 1 AND 9. 
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FIG. 19. MIXING RATIO OP NITRIC ACXJJ IN THE STRATOSPHERE FOR TWO DIFFERENT EDDY 
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FIG. 20. MIXING RATIOS OF HNO,, NOz AND NO WHEN NO,, = 1P8 AT 15km FOR TWO 

DIFFERENTVALUESOFTHERATIO n(OH))in(HOa). 
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FIG. 21. 
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FIG. 22. VERTICAL DISTRIBUTION OF THE CONCENTRATION OF HNOB, NOI AND NO FOR Two 

DIFFERENT LOWER BOUNDARY CONDITIONS AT IskIll AND A FIXED RATIO n(OH)/n(HO,)= +. 

the total mixing ratio (NO,) cannot be more than 1O-s at 15 km. The lower boundary 
conditions play a role in the vertical distribution of NO, NO2 and HNO, up to the peak 
of their mixing ratios between 30 and 40 km. In the upper stratosphere the vertical distri- 
bution is independent of the lower boundary conditions and depends only on the diffusion 
coefficient. 

Figures 22 and 23 illustrate the vertical distribution of the concentrations of nitric 
acid, nitrogen dioxide and nitric oxide in the stratosphere for two different lower boundary 
conditions, namely a minimum value for the mixing ratio of NO, = 3 x 10mg and a high 
value NO, = 3 x 10-*. The differences between the results shown in Figs. 22 and 23 
correspond to the differences between the ratios n(HO,)/n(OH) = 9 and 1, respectively. 
The adopted concentrations of the hydroxyl radicals are given in Table 3 according to 
Nicolet and Peetermans (1973). 

It can be said that the various concentrations are very sensitive to the values of the OH 
radical concentrations. An increase in the absolute values of the nitric acid concentrations 
is obtained when there is a decrease in those of nitrogen dioxide and nitric oxide concen- 
trations. In other words, an increase of the water vapor in the stratosphere leads to a 
decrease of nitric oxide and nitrogen dioxide. 
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FIG.~~. VERTICAL DISTRIBUTION OF THE CONCENTRATION OF HNOa, NO1 AND NO FOR TWO 
DIFFEXENT LOWER BOUNDARY CONDITIONS AT 15k1Il AND A FMED RATIO n(OH)/n(HOP)= 1. 

TABLET. HYDROXYLRADICALSCONCENTRATIONIN THE 
STRATOSPHERE (Cm-"); (SeCX = 2) 

Altitude 

(km) n(HO&(OH)= 1 n(HO,)/n(OH) = 9 

15 5.0 x 106 
20 1.2 x 106 
25 2.4 x lOa 
30 4.7 x 106 
35 7.8 x lOa 
40 1 1 x 10’ 
45 1.2 x 10’ 
50 1.0 x 10’ 

1.7 x 105 
4.1 x 106 
8.1 x lo6 
1.6 x 10’ 
2.6 x lo6 
3.7 x 106 
3.9 x 106 
3.5 x 10” 

Finally, it is easy to see that the transport which is involved in the mesosphere and 
stratosphere corresponds to downward fluxes in the lower thermosphere and mesosphere 
and in the lower stratosphere. In the lower mesosphere and upper stratosphere (Fig. 24) 
there is a small upward current. In the thermosphere and mesosphere the transport is due 
to NO which comes from the E-region where it is formed. There is no possibility of having 
a downward current of nitric oxide from the mesosphere into the stratosphere. In the 
lower stratosphere the downward current is due mainly to nitric acid which after crossing 
the tropopause disappears in the troposphere. 

6. SUMMARY 

The essential reactions in which nitrogen oxides are involved in the chemosphere 
depend not only on the oxygen atmosphere (ozone and oxygen atoms) but also on the 
hydrogen-oxygen atmosphere. In general, the hydrogen compounds do not play an im- 
portant role and their reactions with NO and NO, can be neglected. There is, however, 
an important exception: the formation of nitric acid with OH radicals leads to the intro- 
duction in the stratosphere of all aeronomic reactions dealing with the production and 
loss of hydroxyl and hydroperoxyl radicals. 

The absolute value of the NO concentration in the mesosphere depends on transport 
conditions from the lower thermosphere. However, there is no downward current of 
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FIG. 24. -&RTi@L TRANSPORT OF No AND HNO, no THE MESOSPuERE AM) STaATOSPfwE 
IP NO, = 3 X lo-@ AT 15 km. CONMTIONS ARE ALMOST IDENTICAL IF NO, = 3 X lo-*. 

nitric oxide at the stratopause level. In the stratosphere, the production of nitric oxide 
by an oxidation process of nitrous oxide (and the production of nitrogen atoms by cosmic 
rays) leads to a downward current of nitrogen oxides through the tropopause. The final 
sink depends on the formation of nitric acid related to a certain destruction of H,O, CH, and 
H, molecules, Nevertheless, the importance of such a sink depends on the values of the 
horizontal and vertical eddy diffusion coefficients at and above the tropopause. New 
observational results such as very recent measurements of the mixing ratio of NO, by 
Ackerman and Muller (19X2), of HNO, by Murcray et al. (1973), and of NO8 and HNOa 
by Harries (1972) are still needed, particularly if important q~tities of nitric oxide have 
been injected into the stratosphere after nuclear explosions (Foley and Ruderman, 1972). 
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