
Reports 

Reduction of Stratospheric Ozone by Nitrogen Oxide 

Catalysts from Supersonic Transport Exhaust 

Abstract. Although a great deal of attention has been given to the role of water 
vapor from supersonic transport (SST) exhaust in the stratosphere, oxides of nitro- 
gen from SST exhaust pose a much greater threat to the ozone shield than does 
an increase in water. The projected increase in stratospheric oxides of nitrogen 
could reduce the ozone shield by about a factor of 2, thus permitting the harsh 
radiation below 300 nanometers to permeate the lower atmosphere. 

As reported in Science (1) the Massa- 
chusetts Institute of Technology spon- 
sored la "Study of Critical Environ- 
mental Problems" (SCEP) (2) in the 
summer of 1970, which looked for pos- 
sible dangers to the global environment. 
According to Science (1), ". . . the 
group raised a possibility apparently 
never considered heretofore in the SST 
[supersonic transport] debate-that the 
SST fleet, by discharging combustion 
products such as soot, hydrocarbons, 
nitrogen oxides, and sulfate particles, 
would cause stratospheric smog. . . . 

The authors of the SCEP report are 
to be complimented for raising this 
question, but they were too hasty 
in reaching the following conclusion: 
"Both carbon monoxide and nitrogen 
in its various forms can also play a 
role in stratospheric photochemistry, 
but despite greater uncertainties in the 
reaction rates of CO and NO, [(3)] than 
for water vapor, these contaminants 
would be much less significant than 
the added water vapor and may be 
neglected" (2). 

Subsequent calculations by Harrison 
(4) showed that with "added water 
from the exhausts of projected fleets 
of stratospheric aircraft, the ozone 
column may diminish by 3.8 per- 
cent. . . ." Park land London (5) have 
presented results from a computer study 
that indicate that H20 has an effect 
even less than that found by Harrison. 
The argument seems to be that H20 
is more of a threat than oxides of nitro- 
gen (SCEP), that the effect of H20 is 
not very serious (4, 5), and therefore 
that the SST poses no serious threat to 
stratospheric 03. The original postulate 
that the oxides of nitrogen may be 
neglected is reexamined here. 
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The temperature, total gas concentra- 
tion [M], and oxygen concentration 
[02] are listed in Table 1 for the strato- 
sphere between 15 and 45 km (6). For 
the input of NO into the stratosphere, 
the SCEP report used engine data as 
supplied to the Department of Trans- 
portation by General Electric engineers, 
and it used the following flight statistics 
from the Federal Aviation Adminis- 
tration: 500 SST aircraft by 1985 (334 
with four engines each and 166 with 
two engines each), with each SST 
cruising in the stratosphere an average 
of 7 hours per day. According to 
information available during the sum- 
mer of 1970, the SST would emit NO 
at a mole fraction of 1000 parts per 
million (ppm) of exhaust. However, 
current commercial jet planes in their 
cruise mode emit very much less NO 
in the exhaust (7). Thus I have reduced 
the SCEP estimates of NO concentra- 
tions by a factor of 0.35. Table 1 lists 
two cases for the mole fraction of NO 
in the stratosphere as follows: case 1, 
SCEP estimate of the worldwide steady- 
state distribution of nitrogen oxides in 
the stratosphere after several years of 
SST operation, on the basis of a con- 
sideration of the input due to SST and 
the losses due to mixing and diffusion 
both upward and downward, reduced 
by a factor of 0.35; case 2, SCEP esti- 
mate for the maximum amount of NO., 
to be expected over a heavily traveled 
region, reduced by a factor of 0.35. The 
mole fraction, 

a = [NO]/ [M] 
for case 1 is 2.4 X 10-9, and for case 
2 it is 2.4 X 10-8; the SCEP report 
accepted as harmless mole fractions of 
6.8 X 10-9 and 6.8 X 10-8. 

The stratosphere (by virtue of photo- 
chemical heating) represents a profound 
temperature inversion with great sta- 
bility against vertical mixing. The low- 
est part of the stratosphere is stirred by 
the underlying troposphere, and the 
contaminant residence half-life is about 
6 months. At 20 km, the cruise height 
of the SST, and above 20 km, the resi- 
dence half-life is variously quoted (8) 
as from 1 to 5 years. The SCEP report 
used 2 years throughout, and this esti- 
mate is listed in Table 1. 

The chemical reactions to be consid- 
ered in this report are listed below, to- 
gether with the rate expression: 

02 + hv (below 242 nm) -> 
0 + / ja[O0] 

0 + 02 + M -- 03 + M, kb[O][02][M] 
03s+ hv (190 to 350 nm, 

450 to 650 nm) -> 0 + 02, /c[O.] 
0O +0 

O 

+ M - 02+ M, kd[O]2[M] 
450 to 650 nm) --> + 02, ic[03] 

NO + 08 - NO2 + 02, kf[NO][0i] 
NO2 +0 -> NO + 02, k[NO2][0] 

NOa + hp (260 to 400 nm) -> 
NO + 0, Nh[NO21 

2NO + 02-> 2NO2, ki[NO]2[0] 
NO + 0 + M -> NOS + M, 

kj[NO][O][M] 
NO2 + 03 -> NO3 + 02, kk[NO2][01] 

NOs + hp (visible) -> 

(a) 
(b) 

(c) 

(d) 
(e) 

(f) 
(g) 

(h) 
(i) 

(0) 
(k) 

NO +02, [NO.] 0) 
NO2 + NO3 + M -> 

N20 + M, km[N021[N03][M] 
N205 + M - _ 

NO2 + NO2 + M, kn[MI[N20r] 
N205 + hv -> 2NO2 +0 , jp[N206] 

N2O5 + 0 -> 2NO2 + 02 

N20S + H20 -> 2HNOs, kr[N2O]1[H20] 
HO + NO2 + M -> 

HNOa + M, ks[HO][NO2][M] 
HNO3 + hp (below 300 nm) -> 

HO + NO2, jtHNO]31 
HO + HNO3 -> 

H20 + NO2, k.[HO][HNO] 
Oa + hv (above 313 nm) - 

02 + O (P), jt1[03] 

03+ hv (below 313 nm) -- 
Oa + O(D), c,,[Oi] 

O (ID) + M -> 
0 (8P) + M, k[M][O (CD)] 

O ('D) +H HaO> 
2HO, kv[H20[O (D)]. 

HO + Oa HOO + 02, kx[HO][O] 
O + HOO -HO+ 02, ky[O0][HOO] 

O + HO--> H + 0, k[O][HO] 
H + 02 + M -> 

HOO + M, kaa[H][021[M] 
HOO + HO -> 

H20 + 02, kbb[HOO][HO] 

HOO + NO -> HNO3 
HOO + NO -> HO + NO2 
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(m) 

(n) 
(P) 

(q) 

(r) 

(s) 

(t) 

(u) 

(c') 

(c") 

(v) 

(w) 
(x) 

(y) 
(z) 

(aa) 

(bb) 
(cc) 

(dd) 



In the pure O photochemical sys- 
tem there are two separate kinds of 
reactions. The molecule 02 has an even 
number of atoms, but O and 03 have 
an odd number of atoms. The two 
kinds of reactions are: (i) those that in- 
crease or decrease the number of mole- 
cules containing an odd number of 
,atoms (reactions a, d, and e); and (ii) 
those in which the number of molecules 
with an odd number of atoms remains 
constant (reactions 'b and c). These two 
sets are distinct by symmetry, and they 
have different relaxation times. The set 
of reactions b and c establishes 'a cer- 
tain degree of equivalence between 0 
and 03; the steady state for this set is 
attained within a few seconds in the 
stratosphere, and it involves no net de- 
struction of 03. The net destruction of 
03 is governed by the relaxation time 
of molecules with an odd number of 
atoms, kd[O]2[M] plus ke[0][03]; the 
steady state for this set of reactions is 
slowly attained with a half-life of about 
a year at 20 km and about a day at 45 
km. 

Water vapor at a mole fraction of 
about 5 ppm is a natural ingredient of 
the stratosphere. Its role in the upper 
atmosphere has been repeatedly studied 
[see Nicolet (9) and references cited 
therein]. Nicolet estimated the natural 
abundance in the stratosphere of the 
free radicals derived from water (HOX, 
represents HO and HOO) for the case 
with the sun directly overhead; I em- 
ployed his method to find HO, but I 
used the 12-hour daytime average (see 
Eq. 12 below). The concentrations of 
HO, as a function of elevation are 
entered as item 23 in Table 1. 

The oxides of nitrogen are a minor 
natural ingredient of the upper atmo- 
sphere, and a great deal of attention has 
been given to the role of NO in the 
ionosphere. Nitric oxide has been ob- 
served in the mesosphere. By means of 
a sounding rocket Pearce (10) found 
a constant mole fraction of NO of 7.9 
X 10-7 above 74 km, with the value 
decreasing to about 3 X 10-7 at 60 km-; 
Meira (11) observed a constant mole 
fraction of NO of 5 X 10-8 between 
70 and 80 km (his lowest range of mea- 
surements) and increasing mole fraction 
above 80 km. An infrared spectrum 
taken from a balloon flight detected 
HNO3 (and perhaps NO2) in the strato- 
sphere between 22 and 30 km (12). The 
role of the oxides of nitrogen in the 
upper atmosphere has been repeatedly 
considered by Nicolet '(13), and Crutzen 
(14) has called attention to the possible 
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role of oxides of nitrogen in limiting 
stratospheric O3. 

Out of the many reactions that occur, 
a large number merely act to set the 
relative concentrations of O with respect 
to 03, of HO with respect to HOO, and 
of NO with respect to NO2. A rela- 
tively small number of reactions act to 
increase or decrease the concentration 
of oxygen molecules with an odd num- 
ber of atoms, and these reactions are 
the most important ones with respect to 
03. Reactions f and g act as a catalytic 
cycle 

NO + 03 -NO2 + 02 
NOa +0 -> NO + 02 

Net: O +- 03 02 + 02 (1) 

that 'has the same chemical effect as 
reaction e, decreasing ,the number of 
oxygen molecules with an odd number 
of atoms by two with no net change in 
either NO or NO2. This couple is one 
of the simplest cases of chemical cata- 
lysis: NO and NO2 change the rate of 
03 destruction with no change in the 
concentrations of NO or NO2. The cata- 
lytic cycle can be repeated over and 
over indefinitely, and one molecule of 
NO, can in time destroy a large num- 
ber of molecules of 03. Just as reactions 
f and g imitate reaction e, other reac- 
tions set up additional catalytic cycles: 
reactions j and g imitate reaction d; 
reactions i and h imitate reaction a; 
reactions x and y imitate reaction e; re- 
actions z, aa, and y imitate reaction d; 
and reactions k, 1, and f give another 
catalytic cycle that destroys 03. 

Of the reactions written above, the 
most important ones in determining the 
03 concentration and distribution in the 
stratosphere are reactions a, b, c, e; 
f, g, h; x, y, z, aa. The differential 
equation for oxygen molecules with an 
odd number of atoms based on these 
reactions (including the steady-state as- 
sumption for NO2, H, and HOO) is 

d([O]]+[O]) 2ja[O2]-2ke[O][O3-- dt 

2kg[O][NO21-2ky[O][HOO] (2) 

In the derivation of Eq. 2 the rate ex- 
pression for reaction x drops out of the 
equation, which is fortunate since the 
rate constant (15) is not well known 
(kx 5 X 10-13). Reaction y is very 
fast (15), and ky was taken to be 2 X 
10-11. Equation 2 is particularly valu- 
able in an assessment of the relative 
importance of the pure oxygen species, 
the oxides of nitrogen, and the free 
radicals derived from water in destroy- 
ing oxygen molecules with an odd num- 

ber of atoms and thereby setting the 
steady-state concentration 'of 03. The 
convenient aspect of Eq. 2 is that the 
difficulty determined, highly variable 
concentration of oxygen atoms occurs 
as a common factor in the three de- 
struction terms. In 'assessing the relative 
effect of any pair, the concentration of 
oxygen atoms cancels out. The relative 
effect (on 03) of the oxides of nitrogen 
and H20 is thus 

O0 destruction by NOt k[NO02] 
08 destruction by HO, - ky[HOO] 

(3) 
O3 destruction by NO k,[NO0] 
03 destruction by HO, ky[HO,] 

(4) 

For gross comparisons, the ratio [NO2]/ 
[HOO] in Eq. 3 may be replaced by 
[NOJ]/[HOJ as in Eq. 4 (03 tends to 
convert NO to NO2, and HO to HO2; 
O tends to convert NO2 to NO, and 
HOO to HO; thus, in ratio form, Eq. 4 
is probably a fair approximation). Items 
24 and 25 in Table 1 present the rela- 
tive effect of NO, and H20 on the 
destruction of 03 for case 1 and case 2 
of NO,. At 20 km, the cruise height of 
the SST, destruction of 03 by NO, is 
80-fold greater than by H20 for case 1 
and 800-fold greater for case 2. At all 
levels of the stratosphere for case 2 and 
below 40 km for case 1, the NO, in- 
crement from the SST is more destruc- 
tive of 03 than the entire natural back- 
ground of H2O. Since the SST would 
be expected to increase the background 
of H20 by 10 percent or less, the H20 
emitted from the SST would be ex- 
pected to have much less effect than the 
NOX emitted (this statement is subject 
to further considerations about the rate 
of conversion of NO, to N205 and 
to HN03; see below). The importance 
of H2O in the stratosphere so far as 03 
is concerned is more in its role in re- 
moving NO, (reactions r and s) than in 
its direct reaction with 03 (reactions 
x, y, and z). Further analysis in this 
report omits reaction y from Eq. 2, 
although it is recognized that the ne- 
glect of reaction y would contribute a 
small error to calculations in the upper- 
most stratosphere at low mole fractions 
of NO,, a condition which I believe 
never exists. (Line 27 of Table 1 gives 
a proposed distribution of NO, in the 
natural atmosphere as derived below; 
line 26 of Table 1 gives the ratio of 
catalytic destruction by NO, relative to 
HO0 for this distribution; and in all 
cases the ratio is greater than unity.) 
The differential equation for oxygen 
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Table 1. Stratospheric model and rate constants. Square brackets indicate concentration in molecules per 
rate constants are given in (19). 

cubic centimeter; dimensions of the 

Item Parameter Values Refer- 
ences 

1 Elevation (km) 15 20 25 30 35 40 45 
2 Temperature (?K) 220 217 222 227 235 250 260 (6) 
3 log [M] 18.60 18.27 17.93 17.58 17.26 16.92 16.60 (6) 
4 log [02] 17.92 17.59 17.25 16.90 16.58 16.24 15.92 (6) 
5 Residence time (years) 0.5 2 2 2 2 2 2 (8) 
6 log [NO], case 1 9.98 9.65 9.31 8.96 8.64 8.30 7.98 
7 log [NOJ, case 2 10.98 10.65 10.31 9.96 9.64 9.30 8.98 
8 log kb -32.61 -32.58 - 32.63 -32.67 -32.73 -32.85 -32.92 (31) 
9 log kc -15.06 -15.10 -15.01 -14.92 -14.78 -14.55 -14.41 (31, 32) 

10 log kf -14.36 -14.40 --14.34 -14.29 -14.20 -14.06 -13.98 (33) 
11 log kg -11.38 -11.38 -11.37 --11.36 -11.34 -11.30 -11.28 (34) 
12 log ia, Diitsch -14.5 -13.0 -11.8 -10.9 -10.2 -9.8 -9.4 (17) 
13 log a, a - 0 -17.02 -14.49 -12.98 -11.67 -10.65 -9.91 -9.44 
14 log j1 , a =- 10- -16.51 - 14.29 -12.87 -11.63 -10.64 -9.90 -9.43 
15 log ja, a = 10-8 -15.79 -13.66 -12.41 -11.37 -10.51 -9.85 -9.42 
16 log j,a a 10- -14.63 -12.69 -11.55 -10.68 -10.05 -9.61 -9.36 
17 log j,, Diitsch -3.2 -3.2 -3.1 -3.0 -2.8 -2.4 -2.0 (17) 
18 log j,, a= 0 -3.74 -3.73 -3.72 -3.68 -3.58 -3.33 -2.80 
19 log c, a = 10-7 -3.65 -3.64 -3.62 -3.53 -3.34 -3.00 -2.62 
20 log ih, Leighton -2.15 -2.15 -2.15 -2.15 -2.15 -2.15 -2.15 (18) 
21 log ih, a =0 -2.36 -2.35 -2.35 -2.34 -2.33 -2.32 -2.32 
22 log ih, a = 10-7 -2.40 -2.38 -2.34 -2.33 -2.32 -2.32 -2.32 
23 log [HO,] 6.37 7.05 7.40 7.64 7.77 7.78 7.79 
24 kg fNOI fcase 1 810 80 16 4.2 1.8 0.66 0.31 
25g case 2 8100 800 160 42 18 6.6 3.1 
26) ky HO] (Fig. 2 34 3.3 45 55 26 16 10 
27 log a, Fig. 2 -9.0 -9.0 -8.5 -7.5 -7.38 -7.25 -7.12 

molecules with an odd number of atoms 
may be rewritten as follows: 

dt([03+[]) -_ 2ja[0] - 2k,,p[0[O3] dt - 

(5) 

where p is the catalytic ratio for the 
oxides of nitrogen, that is, the rate of 
03 destruction with NO, catalysis di- 
vided by the rate of 03 destruction 
without catalysis, 

= 1 + kg[N02]/ke[03] (6) 

At a typical stratospheric temperature 
of 220?K, kg is 4600 times ke. Thus if 
the concentration of NO2 is only 0.1 
percent that of 03, the catalytic destruc- 
tion rate is 4.6 times the background 
rate, and the steady-state concentration 
of 03 would be reduced by a factor 
of (1 + 4.6)/2 = 2.3. In another report 
(16) the catalytic ratio p has been evalu- 
ated for the full range of stratospheric 
variables and for the expected range of 
NO, from the SST, and, under more 
than half of the conditions, the catalytic 
ratio is greater than 2. In order to make 
these considerations of catalysis more 
definite, it is necessary to calculate 
steady-state profiles of 03 in the strato- 
sphere under a variety of assumed con- 
ditions. 

This paragraph is directed, not to 
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the professional aeronomist or photo- 
chemist, but rather to the amateur who 
would like to verify for himself the 
relative effect of NO, on the steady- 
state 03 profile in the stratosphere. Ta- 
ble 1 gives the temperature as a func- 
tion of elevation and the concentrations 
of total species M, oxygen, and NO, 
according to the two cases based on 
the SCEP report. The rate constants of 
the thermal reactions b, e, f, and g are 
given at each elevation; and the photo- 
chemical rate constants, ja and j, as 
evaluated by Diitsch (17) and jh as given 
by Leighton (18), are listed at each 
elevation. For this simplified set of 
reactions, one may easily solve for the 
steady-state concentration of 03 by 
means of la desk calculator, using the 
method of successive approximations 
derived below. In another report (16) 
I have presented a large number of 
calculations made by this model. 

The calculation of the steady-state 
concentration of 03 in the stratosphere 
is something of an artificial exercise: 
there is some vertical and much hori- 
zontal diffusion; half-lives to obtain a 
photochemical steady state vary from a 
year or so at 20 km to a day or so at 
45 km; concentrations of some species 
(for example, NO2, N205, HNO3, and 
H202) build up at night and are par- 

tially destroyed by day (the steady-state 
method is very inappropriate for some 
of these oscillations); and a large change 
of 03 concentration in the stratosphere 
would lead to large changes of tempera- 
ture, structure, and dynamics. In spite 
of these overwhelming obsicles to a 
total quantitative analysis of the prob- 
lem, the calculation of steady-state 03 

profiles is a valuable tool in assessing 
the direction of change to be expected 
from an added ingredient, namely, 
NO. Using reactions a through 1, I 
made a series of calculations of the 
steady-state distribution of 03 in the 
stratosphere. The steady-state assump- 
tion for NO3 reduces the set to 11 reac- 
tions, since reaction k during the day 
is very rapidly followed by reaction 1. 
The steady-state assumption for NO2 
gives the relation between the species 
NO2 and the total oxides of nitrogen 
NO.. The steady-state assumption for 
([03]-[0]+[NO2]) gives an expression 
for the concentration of oxygen atoms. 
The steady-state assumption for ([021+ 
[O+?[NO2]) gives an expression for the 
steady-state concentration of 03. The 
expressions are rather complicated, but 
they are readily factored into the domi- 
nant terms multiplied by a sum of 
dimensionless ratios. In this form the 
equations are set up for efficient and 
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rapid solution by a process of successive 
approximations. 

To avoid an undue accumulation 
of symbols, I define the following: 
X = [Q03], = [], Z = [02, v = 

[NO2], W = [NO], M = [M], a = mole 
fraction of NO, - [NO0,]/[M]; A = 

ja[O2], B = kb[M][02], C = je, D 

kd[M], E=ke, F--kf, G-kg, H=ih, 
I = k[O2], J= kj[M], K= kk. The zero 
approximation is 

Xo = (AB/CE)1/ 

Yo = XoC/B (7) 

Vo aMFXo/[FXo + (G + J)Yo + H] 

Wo = aM - Vo 

The expression for the general iteration 
is 

( A HVn +i+ KVn 
yr X 

c CXn CXn C 

tJ - -B (1+ DY+W +- W. 
B BY. B 

(9) 

a MFXn(1 + 
2IW + JYn) 

(10) 

Wn+l = aM - V+1 ( 11) 

Thermal rate constants were evalu- 
ated (19-21) at each kilometer of the 
stratosphere at its standard tempera- 
ture and pressure (6). Photochemical 
rate constants were evaluated from solar 
fluxes (22) and absorption coefficients 
for 0O (23), Os (24), and NO2 (25). 

The solar radiation at the top of the 
atmosphere was obtained from a Na- 
tional Aeronautics and Space Adminis- 
tration report based on rocket studies 
(22), and the photon flux LO(X) (in 
photons per square centimeter per sec- 
ond per nanometer) was used for each 
wavelength between 190 and 400 nm. 
The solar flux at wavelength X, eleva- 
tion S, and solar zenith angle p is 

L(X,S,?) = Lo X 
exp[- (o'xNx + crzNz + avNv) sec 0] 

(12) 

where ar() is the light-absorption cross 
section and N(S) is the vertical column 
of a species above elevation S in units 
of molecules per square centimeter. The 
average intensity L(X,S) was found by 
summing Eq. 12 over every 5 deg of 
solar angle from 0 to 85 deg for day, 
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and reducing the weighted sum by /2 
to account for night. The photolysis rate 
constants are 

242 

A = ja[021 =E L(,S) oa[O2]Q(X) (13) 
190 

350 

C = jc =ZL(X,S) o-xQx() + 1.61 X 10-4 
190 

(14) 

400 

H = jh= E L(X,S)o-vQv(X) (15) 
260 

where Q represents quantum yield re- 
ferred to reactant and the constant 
increment 1.61 X 10-4 sec-1 repre- 
sents 03 absorption between 450 and 
650 nm. The calculations begin at 50 
km with the model of no 03 and no 

NO2 above that elevation. The constants 
A, C, and H are evaluated at 50 km 
from Eqs. 13 through 15 and used to 
calculate the steady-state concentrations 
from Eqs. 7 through 11 and the column 
of X, Z, and V between 49 and 50 km. 
With these quantities A, C, and H are 
found for 49 km, and the process is 
continued 1 km at a time down to 15 
km. The procedure is repeated for each 
assigned value of the mole fraction of 
NO,. 

The photolysis rate constants calcu- 
lated here 'a, j,, and ih are compared 
with Diitsch's (17) and Leighton's (18) 
values in Table 1, items 12 to 22. 
Diitsch's function ja was derived for 
one particular distribution of 03, name- 
ly, an experimental one available to 
him at that time. The function ia de- 
pends strongly on the 03 profile, and 
my calculated profiles most nearly 
agree with observed 03 profiles when 
a is between 10-8 and 10-9. Thus 
there is satisfactory agreement between 
my photolysis constants and those found 
by Diitsch. 

The basic conditions were taken to 
be a latitude of 45?, solar equinox, and 
the temperature profile given in Table 
1. First, a series of calculations was 
made for constant mole fractions of 
NO,, for a = 0, and for every 0.33 unit 
of log a from -11 to -6. A few of 
these profiles are shown in Fig. 1. One 
notable feature of these profiles is a 
very great sensitivity of 03 to added 
NO0, at 20 km, the cruise height of the 
SST, and relative insensitivity between 

35 and 45 km. If the initial strato- 
sphere had no NO, and if NO, from 
the SST was distributed uniformly over 
the stratosphere, the O3 column would 
be reduced to 73 percent of its original 
value for case 1 and to 47 percent of 
its original value for case 2 of Table 
1. Of course, there must now be NO, 
in the stratosphere, and NO, is injected 
at 20 km, not uniformly distributed. 
Both of these factors must be consid- 
ered. 

The NO (10, 11) formed in the 
mesosphere and ionosphere must be 
incident on the top of the stratosphere 
with a mole fraction between Meira's 
value of 5 X 10-8 and Pearce's value 
of 3 X 10-7. From reactions c", v, and 
w and on the assumption that kv = k,, 
I calculated the rate of formation of 
OH radicals for a wide range of mole 
fractions of NO,. The results for a 
= 0 and a =10-7, in units of mole 
fraction per year, are superimposed on 
Fig. 1. The rate of production of OH 
radical is very slow in the lower strato- 
sphere and very fast above 40 km, with 
a rate in mole fractions per year rang- 
ing from 3 X 10-11 at 15 km to 8 X 
10-6 at 50 km. The formation of 
HNO3 by reaction s thus occurs almost 
exclusively above 25 km. The actual 
rate of formation of HNO3 depends on 
the partitioning of OH radicals be- 
tween NO2 and other species. The 
location at which the HNO3 formation 
occurs must closely parallel the overlap 
of the rate profile in Fig. 1 and the 
steady-state NO2 profile in the atmo- 
sphere; that is, the maximum rate 
would occur between 25 and 40 km. 
[Preliminary experiments in our lab- 
oratory indicate that reaction cc is van- 
ishingly slow, and that reaction dd has 
a rate constant equal to or less than 
2 X 10-15 cm3 molecule-1 sec-1 
(26).] Another mechanism (16) con- 
verts NO to HNO3, namely, reactions f, 
k, m (at night). The N205 formed at 
night is photolyzed (27) by day (jp = 
2.2 X 10-5 sec-1, 20 km, 12-hour 
average, 45? latitude, solar equinox, 
300 to 380 nm). The reactions f, k, 
and r have activation energies, respec- 
tively, of 2.5, 7, and 8 or more kilo- 
calories per mole, and this rate is slow 
(a half-life of 1 year or more below 
25 km) in the cold lower stratosphere 
and somewhat faster (a half-life of 7 
months or more) in the warmer region 
above 35 km. Although the exact rates 
of formation of HN03 by reactions r 
and s cannot be calculated, the location 
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Ozone concentration (x 102 molecule/cm3) of the injection of NO, at 20 km into the preexisting NO, 
profile given by item 27 in Table 1: (A-D), worldwide 

distribution of a 2-year accumulation of NO,; (E-H), ten times higher dose of NO, over the heavily traveled region of the 
world. Additional NO, is spread as follows: (A) and (E), between 20 and 21 km; (B) and (F), between 19 and 23 km; (C) 
and (G), between 17 and 25 km; (D) and (H), between 15 and 31 km. The Os columns relative to that before the insertion of 
NO3 at 2'0 km are (in percent): (A) 97; (B) 88; (C) 77; (D) 80; (E) 97; (F) 86; (G) 58; (H) 50. 

of its formation in the stratosphere is 
clearly indicated to be in the upper 
half, and the half-lives are about a 
year or so, quite adequate to account 
for the observation of NO from 60 to 
90 km (10, 11) and the observation of 
HNO3 from 22 to 30 km (12). In the 
years of diffusion down through the 
upper stratosphere, NO and NO2 are 
converted to HNO3, which is relatively 
inert in the lower stratosphere [see, 
however (28) ]. 

On the basis of these considerations 
of NO above the stratosphere and the 
region where NO is converted to 
HNO3, I computed the 03 profile for 
a large number (16) of nonuniform 
distributions of NO, in the strato- 
sphere. The computed 03 profiles were 
compared with observed profiles (29). 
The large 03 concentrations observed 
at 20 km appear to be inconsistent with 
a mole fraction of NOX much above 
10-9 at that level. With a = 10-9 at 
and below 20 km and a= 10-7 or 
more at 50 km, almost any model for 
the transition between 20 and 50 km 
gives about the observed 03 column at 
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45? latitude. A computer experiment 
was carried out with 11 such NOX 
models, one of which is item 27 of 
Table 1. The basic 03 profile is given 
by the solid plus dotted lines of Fig. 
2, A or E. The 2-year accumulation 
of NO, from the SST was distributed 
uniformly worldwide over various 

depths, 20 to 21 km, 19 to 23 km, 17 
to 27 km, and 15 to 31 km, and these 
uniform increments of NOa were added 
to the preexisting amounts. The results 
are given by Fig. 2, A through D. Fol- 

lowing the SCEP report (2), the case 
for a dose of NOx ten times higher 
was taken as a possible high-traffic situ- 
ation, and the same calculations were 
made (Fig. 2, E through H). The total 
amount of NO, in the stratosphere is 
the same for each set of four cases, yet 
the 03 column is reduced more and 
more as the 03 band spreads up and 
down. The 03 column is reduced to 
77 percent for the worldwide average 
(Fig. 2C) and to 50 percent for the 
high-traffic maximum (Fig. 2H). This 
reduction is relative to the 03 column 
with the realistic distribution of NO, 

as given in Table 1, item 27. This com- 

puter experiment of tracing the spread 
of an injected burden of NO, gave very 
nearly the same result for all 11 cases 
(16), some of which contained much 
more NO3 and some much less than 
the model used for Fig. 2. 

Additional calculations (16) of 03 
profiles were made as follows: the 
standard temperature was allowed to 

vary by + 10?C and -10?C; the latitude 
(at solar equinox) was allowed to vary 
every 15? from 0? to 75?; reactions 
i, j, and k were omitted; Ditsch's 

photolysis function ia was arbitrarily 
reduced by a factor of 6; the pressure 
dependence (23) of the absorption 
cross section for 02 was included and 
omitted; calculations were made at 
fixed solar angles instead of the 24- 
hour average usually used. Some of 
these arbitrary variations of parameters 
produced a substantial change in the 
absolute value of the 03 column, but 
in all cases the change in the 03 profile 
by added NO, was about the same as 
that shown in Fig. 1. 

In considering the effect of a reduc- 
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tion of the number of planes in the 
SST fleet or the effect of reducing the 
mole fraction of NOQ from the ex- 
haust, it should be recognized that the 
steady-state concentration of 03 de- 
pends on the square root of the cata- 
lytic ratio p. Thus a given situation is 
relatively slowly changed by further 
addition or reduction of NO. How- 
ever, for small amounts of NO., there 
is a threshold effect, as seen from in- 
spection of Eq. 6. 

At least as late as April 1971, U.S. 
governmental agencies concerned with 
this problem (30) accepted two con- 
clusions of the SCEP report: (i) NO, 
from the SST would build up to mole 
fraction values between 6.8 X 10-9 and 
6.8 X 10-8 in the stratosphere, and (ii) 
these amounts of NOQ "may be 
neglected." The purpose of this report 
is to point out that if concentrations of 
NO and NO2 are increased in the strat- 
osphere by the amounts accepted by 
the SCEP report and by governmental 
agencies, then there would be a major 
reduction in the 03 shield (by about a 
factor of 2 even when allowance is 
made for less NOQ emission than SCEP 
used). However, the purpose of this re- 
port is not to say precisely by what 
factor the 03 shield will be reduced by 
SST operation, but rather to point out 
that the variable (NOx) that has been 
discounted is much more important 
than the variable (H20) that has 'been 
given so much attention. Just as the 
SCEP report incorrectly discounted 
NOa, and the SST planners for several 
years overlooked the catalytic potential 
of NO, it is quite possible (and, in 
fact, highly probable) that I have over- 
looked some factors, and the effect of 
NO on the O3 shield may turn out to 
be less, or greater, than that indicated 
here. 

HAROLD JOHNSTON 
Department of Chemistry, 
University of California, 
Berkeley 94720 
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Apples in a Spacecraft 
Abstract. Some consequences of Newtonian mechanics, previously overlooked, 

result in a new understanding of the behavior of small bodies in the solar system. 
Collisions between such bodies lead not to a scattering of these bodies over an 
increasing volume but instead to a contraction resulting in a "jet stream," with 
application to meteor streams and streams of asteroids. It is possible that comets 
are formed by bunching in such streams. 
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1 ) Unperturbed motion. Suppose 
that a number of particles ("apples") 
are enclosed in a spacecraft that is 
orbiting in a circle with radius r0 
around a central mass point M,. Let us 
assume that the masses of the space- 
craft and of the particles are so small 
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I shall consider here the orbits of 
each particle around the central body 
(assuming that they 'will not be in per- 
manent contact with the walls). Be- 
cause the particles are confined in the 
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