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I. INTRODUCTION

A. History4c

- In a 57 page chapter "The Supersonic Transport” in the

publicatioh Technicallinformation for Congress (TIC)l dated

April 15, 1971, there was extensive discussion of the possible

‘macro-environmental impact of the supersonic transport (SST),

including the possible effect on the oxygen balance, excess

carbon dioxide, weather modification from water vapor and

particulate mattér, and the reduction of the ozone shield by

water vapor.',However, there was no mention of the role of the
oxides of nitrogen in the catalytic reduction of ozone. The

catalytic destruction of ozone by NOx (NO énd»NOz), now recognized

as the major factor in the natural ozone balance, was completely
overlooked by both sides of the SST controversy, which reached

its climax in the Congressional rejection of the SST in March

"1971.

In the summer-of 1970 a group sponsored by the Massachusetts
Institute of Technology considered some effects of the SST on

the stratospheré as a part of its "Study of Critical Environmental

a

Problem"(SCEP).2 The SCEP rebort very briefly touched on the

problem of the oxides of nitrogen from the SST exhaust. It

concluded that 500 SST (with the properties given by the Federal
Aviation Agency) would increase the world average concentration
of stratospheric NOx by 6.8 parts per billion (ppb, parts in 109%,

and there'might be high-traffic locél situations with 68 ppb of



added Nox. The SCEP report concluded: "Both carbon monoxide
and nitrogen in its various oxide forms can also play a role
in stratospheric photochemistry, but despite greater uncertainties
in the reaction rates of CO and NOx than for water vapor, these
contaminants would be much’less significant than the added wéte£
vapor and may be neglected" (italics added). |
' An article by crutzen® in 1970 indicated that the oxides
~of nitrogen coold be important in balancing ozone in the natural
atmosphere, but neither TIC nor SCEP referred:to this article.
After the stormy debates and the close, dramatic Congressional
votes in March 1971, the statement that both sides of the SST
controversy had overlooked the most important variable in the
global environmental impact of the SST came aé an unwanted anti-
c%imax, and there has been considerable reluctance carefully to
e#amine tﬁe‘scientific basis of the arguments. It should be
clearly uhderstood that the point of the 1971 articles on NOx
was not to assert that the SST would have this or that specific
effect, but-rather to assert that an extremely important variable
(NO,, from the SST exhaust) had been overlooked or incorrectly
dismissed: "The point of this report is not to assert that SST
flights\will reduce the ozone shield by some precise factor; rather
. the point is that NOx is a highly iwmportant variable in this
problem and it must be given realistic consideration".4a
Realistic,consideiation of this problem requires the
dctermination of the actual NOx background in- the natural
stratosphere, the determination of the amount and spatial

- distribution of the exhaust gases from the SST (a matter of

~
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étmospheric d}némics),.and the calculation of the rates of
chemical and phbtoéhemical reaction rates from accurate,
independen?ly evaluated constants. The purpose ofvthis article

is not to carry out this very difficult realiStic solution of.
therproblem} rather if is %o présent 1972 as well as 1971 arguments
“to the effect that the oxides of nitrogen from the'SST exhaust are
a highly important‘variable in consideratidns.of the environmental

impact of the SST.
B. Summary

In th¢ section on "The Stratosphere" the various leVels
of the atmosphere are némgd, and the (24 hour averages) propefties
are presented as contour maps as a function bf elevation and |
latitude from'pole to eguator to pble. The concentrations of
‘importéntlnatural species are given in detail, and the composition
-~ with respect to séveral minor species is given briefly. The
range of variables expected to be encountered from top to bottom
of the sun-1lit stratosphere is given (fér ﬁéélin the later
sections). 'This range of variables includes the case for full
scale operation of fleets of SST.

In the:section_"Strictly Chemical Analyses", an effort
“is made to usé the smallest possible amount of atmospheric
detéils and the maximum amount of chemistry (this is noﬁ to
imply that atmosphéric motions are unimporﬁant; rather it is an
effort clearly to:eiucidate one component of an excéedingly cdmplex

problem). Ozone chemistry in pure air and in an atmosphecre



including the oxides of nit;ogen, water, apd other substances
is discussed. The rate (in terms of half-times) of destructionl
of ozone without and with NO, catalysts is.emphasized. It is
concluded that NO and Noz,las such, in the amounts expecﬁed by
SCEP would cause major, rapid reductions of ozone. It is further
concluded thatlthe large number of reactioné by other minor species
modify somewhat but do not alter this main conclusions.

The "Strictly Chemical Analyses" neglect an important,
self-healing procgss'in the atmosphere, and it requires a model
of the stfucture of the atmosphere and the-attenuation of solar
radiation'through it in order to account for this important
puffering process. The simplest model that includes this effect
is a static atmpgphere and steady—ététe photochemistry, the
section on “Stg?dy—State Ozone Profiles". With such a model
including a self-consistent solar energy distribution, the effect
of NOX on ozone is still found to be large if NOx is greater
than one pért'per billion. Even with this‘simple model, it 1is

concluded that the distribution of both nétural'and artificial

NOx is as iﬁbortant a problem as the amount of NOX.

The section on "Instantaneous Global Reaction Rates" makes
maximum use of the structure of the actual;atmosphere, including
gencral considerations of atmospheric motions. it concludes
thatvthe'amount and distribution of ozone in the stratosphere
is such that it cannot be explained in terms of "pure air"
photochemistry; that is, there is “"something else" in the

stratosphere besides pure air that plays.the major role in the

s X



naﬁural ozoné_balanée. of alllknown processes, catalytic
déstruction of NO by the oxides of nitrogen is the only
mechanism fast enough to account for the destruction of ozone
by "something else". -

The section "Comparisbnvof Natural and Artificiai Souxce
Strengfhs_of NOx in the Stratosphere" examines the recognized
sources and sinks of NOx in the natural stragosphere; and it is
- shown that the artificial source of NOx from 500 American SST
would be equal to or several times greater than the natural
source. Since the present sfratospheric NOx generated from the
- natural souréés is the dominant factor in the natural ozone
balance, a;tificially to double (or more) this source strength
appears to be a serious matter. - ‘

In thé final section "Conclusionstdnd Comparisons with Other
Studies" there is given a series of'quotations from various
érticles on this subject. There is now a concensus that the
oxides of nitrogen afe an important variable in the stratoséhefé
(contréry tolghe position before 1971); totsee just how large.or

small the SST effect would be, and everyone is awaiting the

working out of the quantitative details.



'II. THE STRATOSPHERE® ™11

A. Structure and Composition

The earth's atmosphere is conveniently divided into thick s

vertical sheils. The lowest layer is the "troposphere", .
characterized by fairly rapid vertical mixing, high water content,
and a témperatune structure that decreases with increase in
elevation. The‘“stratosphere" has a strong temperature inversiop,
low water céntent, and very slow vertical mixing rates. Residence
half times in the stratosphere vary with elevétion5 and latitude,6
between one and five years. In broad terms the troposphere
extends from zero to 15 kilometers in elevation, and the
stratosphere extends from 15 to 50 kilometers. Actually
the "tropopause",:the boundary between the trOpésphere and the
stratospheré, varies somewhat with_1atitude'and'season} it is
at 16 or 17 kilometers from 30°N to 30°S and it decreases, with
some irregularities, £6 about 10 kilometers over the poles.

The "stratopause", the top of the'stratosphe;e, may be taken
to be about 50 kilometers, and the next region above the strafopause
is the "mesosphcreﬁ.

A convenient way to express a global view of stratospheric
properties is:-with a "zonal average" contour-map,7 such as Figure -
1. In this figure -90° represents the north pdle, 0° is the |
equator, and.+90° is the south pole; The average temperature in
belts of constant latitude is given as a funétion of elevation
from 0 to 50 kilometers.for the spring equinox. The approximate
location of the tropopause is indicated by a dashed line. Figure

2 gives a similar temperature distribution for a winter-summer
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situation, namely ‘January 15. Average stratospheric temperatures
vary between about 200° to 270°K. This article is addressed
primarily to chemists, and thus it is useful to indicate several
standard atmospheric quantities in the forms‘of zonél averaged
contour maps. The total gas concentration in molecules per
cubic centimetef is given‘by Figure 3; betweentls‘and 45 kilo-
meters the gas concentration, tM], varies from 4><10_l8 to 4XI016.
The average ozone mole fraction as measured by about 100 stations_
over the last ten years and as interpreted,by Diitschll is given by
Figure 4. Dﬁtsch's map was extended from 40vto 50 kilometers

12

. by comparison with rocket data. 'Stratospheric ozone typically

varies between 0.5 and 10 parts per million. The maximum ozone

mole fraction is between 30 and 35 kilometers above the equator.

‘

The average ozone concentration, [03], is given in Figure 5.
The highest average concentrations of ozone are above the spring
polar region. The elevation of maximum concentration is about

25 kilometers at the equator and about 17 kilometers at the poles.

The typical range of ozone concentrations is between l><lOll

5><1012 molecﬁies cm—3.

-and

The firstvS figures give average- observed experimeﬁtal data.
A number of quantities can be calculated fromlsuéh data. Ozone
absorbs sunliéht over a wide range of wave lengths to produce
oxygen mélégules and oxygeh atoms; the eledtronic states are

3, - 1 1. +
0,72 )y 0,(78), 0, (78

) 0(3P), O(lD),-or,O(lS), depending -

on wave length. The excited specics are fairly quickly deactivated
by collision to the stable states. Thus the concentration of
ground state oxygen atoms can be calculated by consideration of

onc photochemical and one chemical reaction



(c) O3 + hv ~+ 02'+ 0 |
(b). O + o2 + M =+ o3 + M
[0], = 3,1051/Kk, [M](0,] (2-1)

(all reactions are collected with standard notation in appendix
B; photochemical rate fconstants“ such as.jelare defined in
appendix A). The incoming sunlight is attenuated by nitrogen
and,oxygen above the stratosphere and by oxygen and ozone in

the stratoéphere. BY calculating the resultant solar intensity
at each 5° latitude, at each 15° longitude, and at each kilometer
elevation, the steady-state oxygen atom concentrations were

calculated and entered on Figures 6 and 7. The zonal average

. concentration of oxygen atoms is about lOS.molecules cm'_3 at

the tropopéﬁse and about 106 molecules cmﬁs at 20 kilometers;
it increases with elevation with a maximum value about 10-°
molecules'cmf3. The oxygen atom concentratign is vanishingly
low in the polar winﬁer, where there is no suﬁshine’for all 24
hours.

Below 3i0 nm ozone is photolyzed to give singlet oxygen

atoms

(c ) O, + hv(below 310 nm) » O +'0(1D)

3 3

2

Although siﬁglet oxygen aﬁoms'react with many molecules, its

principal,reaﬁtion i1s deactivation by nitrogen or oxygen, M:
(@ o('m) + m-o0Ce) +m

The steady state concentration of singlct oxygen is very rapidly

attained




[('D) 1 = 3 50051/k (M) | H2-2)

A contour map for sing1et oxygen atoms is given by Fi§ure 8.
_ Singlet oxygen atoms react with hydrogen, water, and methane

to produce hydroxyl radicals

(18) o(lp) + H,0 + 2HO

(19) o('p) + H, » HO + H

(20) O(lD) + CH4 + HO + CH3‘

The rate of production of hydroxyl radicals is given by Figure 9,

The stratosphere is exceedingly dry,13 the mole fraction of water

is about 5x107°,

At the tropopause the mole fraction of various species are
| | -7, 14
).

These species react

approximately as follows: CH, (SXIO-G),14 H, (5x10
8, 7y 15-17

co (4 to 8x107%, 1% N0 (2.5x10
with singlet oxygen atoms or with hydroxyl radicals or with both.

These. reactions discussed in later sections.

B. The Oxides of Nitrogen

1l. Sources of Natural NO
o X

In the mesosphere and ionosphere, there is a set of reactions
. ... 18 |
involving nitric oxide

(t) N, + hv(below 120 nm) - N + N

2
(also various ionization processes + N)
(u) N + 02'* NO + O temperature dependent

(v) N + NO +vN2 + 0 tcmperature independent

(w) NO + hv(below 190 nm) - N + O -



, 10.
Nitric oxide is both fo;med and destroyed by nitrogen atoms,
wiﬁh destruction.beiﬁg by far the dominant pfocéss at low
- temperature. Nitric oxide has been observed to be about
50 ppb at 80 km and to increase above 80 km. Diffusion df _ -
such nitric oxide into the stratosphere is at best only a minor
source of NO, in the strétosphere.
Crut'zen3b recently recognized a natu:al‘source of NOx inside

the stratosphere. Bacteria in the soil and'perhaps in surface

ocean waters produce a small amount of nitrous oxide N
17 |

20 as a part

of the nitrogen cycle.  Nitrous oxide resehbies carbon dioxide

in many respects; it is virtually inert in tbe'tfoposphere. It

has a natural background of 0.25 parts per million in £he troposphere,
and this value decreases rapidly with elevation in the lower

stratosphere. As nitrous oxide diffuses up into the stratosphere,

most of it is photolyzed |

O+ hv = N, + 0

(x) N, 2

and about 10% of it reaéts with singlet oxygen

- ) 1
(y) N,0 + 0('D) » N, + O,

(z) N,0 + 0('D) » NO + NO

2

¢hc flux-of NO'in the stratosphcre from thié'source, according
to Crutzen, is between 0.3X108 and 1.5><108 molécules cm seé .
The range arises' from uncertaintiés,concernihg diffusion rates
and reaction rate constants.

A calculation of the diffusion of N,O into the stratosphere

and its conversion to NO there has also been carried out by

19 .
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Nicolet and V_ergison20 and by McElroy and McConnell.21 Their
results and Crutzen's are given in Table 1A. McElroy compared
the limited-data on the observed N20 profile in the stratosphere
with the prediction made by different values of a verticai_eddy
diffusion constant. He obtained best agreement between oBServed
and calculated NZO profile for the low extreme of the vertical
flux, that is, 0. 2SXl08 molecules cm -2 sec—'._ The_elevatlon.of
maximum rate of NQ formation was 24 km.

- The oxides of nitrogen, NO and NO,,; undergo .several reactions

with other.speciesiin the atmosphere. The sequence of molecules,
3 and NZOS’ are rapidly interchanged by photochemical

reactions, and these reactions are dlscussed in a subsequent section.

NO, NOZ’ NO

Nltrogen diox1de is slowly converted to nitric acid by hydroxyl

radica1522 23

M
> HNO3

(1) HO + NO,

Hydroxyl radicals also destroy nitric acid22"24

(2)  HO + HNO., - H.O + NO

3 2 3

and nitric acid is photolyzed by sunlight (below 325 nm)2

(3) HNO3 + hv > HO + NO2

The recycling of NO2 in and out of the form of nitric acid is
relatively siow (a few days to a few weeks), and in the lower
stratosphere a substantial amount of the oxides of nitrogen are
temporarily tied up as HN03. The nitric acid diffuses downward

to be rcmoveq by rain in the troposphere and upnard to be photolyzcd

by sunlight to reform NO2 and NO.
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.TABLE IA
Natural NO, Flux in the Stratosphere from the N,0 Mechanism
Range of Calculated NOx Flux o
-1 8 Author Ref.

(in units of molecules em 2sec 1x10

0.3 to 1.5 | Crutzen 3b

1.5 £ 1.0 j Nicolet 20

0.25 to 0.65 | McElroy 21
0.35 to 1.5 (average)




| TABLE iB
Observations of NO2 in the Stratpsphege; Refe:encé 26
. o Mole fréction_of' [N02]
Elevathn. . NO2 at sgnset molecules
km %10 em=3 x10”9

12 _" | (1.5%0.5)

6 <1 3 f < 4
21.9 (1.60.3) | 2.2
23.9 (3.31.0) | 3.3
25.7 '1 (7.4%2.5) ' 5.3

27.5 - | ' (15 + 3) . 8.0
28.3 (7.840.3) 3.5

15 to 29 (ave.) ‘ » 2.2 - 3.6
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TABLE IC

Observations of Nitric Acid Vapor in the Stratosphere,”
‘ ' Reference 27 ’ :

Elevation Mole fraction of [HNO3]-

HNO3 molecules

km
' x10? ' _ cm 3 x1072

15 4» 4.5 « 18
16 o 7.9 | | 27
17 | 6.5 19
18 o | 3.6 - I
19 3.2 | 7
20 | 3.8 7
21 | i 11 - | 17
22 | 13  7 18
23 - | 17 | ) 19
24 4 o 4
25 . 4.8 | g
26 | 7.0 o 5
27 o 8.1 : 5
28 o - 9.5 o 5
29. <2 | <]

<2 _ <1l

15 to 29 (ave.) 6.9
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TABLE ID

" Estimates of_the Average(Amount of NO_. in the Natural StrétoSphere

Author : ' Estimated NOx,nppb B .. Reference
Nicolet (1965) | 3 18
Crutzen (1970) | 12 - 3a
park and London (1971) | 5 . | 28
Johnston (1971) ' 6.6 4
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Unﬁilvvéry recently, there have been no'direct méasurements
of the oxides of ﬁitrogen in the stratospheré. By ﬁeans of
‘infrared absorption spéctra Ackerman26 has reported direct
observatidon of NQé at sunset between 16 and 29 km, Table 1-B.
By infrared émission spectra, the concentration of nitric acid
.vapor has been deélucedz7 ‘between 15 and 30 km, Table 1-C.
Several oider'est@mates of the average amount of NO_ in the

natural stratbsphere are given in Table 1-D.

2. Artificial Increases in Stratospheric

' Nitrogen Oxides from SST Exhaust

The Study of Critical Environmental Problems, SCEP,Z'
obtained>informatioﬁ from £he Federai Aviaﬁion Adminisﬁration

and from General Electric Company (the manufacturers bf the | g
SST engines) concerning rate of fuel consumption, exhaust %
composition, anticipated number of SST, and expected amount ( ;
of flight>time. These data, egcept for the NOx emission, are

given in Tables 2A and B.

Theyxe has been considerable discussion and,even.Controversy
on the amount of NO  expected to be emitted from the SST exhaust.
A part.of the controversy has ariscn from ambiguity of the term
"parts per million" when fcfcrred to jet engine exhausts. An
unambiguous mcasure, however, is the weight of NO emitted in the
exhaust per unit weith of fuel burned; the cbnvenient unit here
is grams of nitric oxide per kilogram of fuel. The Genefal

Electric Company qubted-thc figure 42 g NO/kg fuel to the SCEP i
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TABLE II _
_A. Statistics of Emission from One GE-4 Engines in Cruise Mode
' (Ref. 3) in Pounds Per Hour ’

Constituant o - Input ‘ | . Exhaust -
Air 1,380,000 -
Fuel R 33,000 -
_ﬁz | 1,039,000
0, | 208,000
ar | - 19,300
co,, - ' | 103,560_'
CHO o L . 41,400
co . ‘ | 1,400
NO o o o ‘ “_h (see below)
so, S o . 33
Soot | 5
Hydrocarbons - , 16.5

B. Anticipaféd-Flight Statistics 500 SST 7 Hours Stratosphere

Cruise Time Per Day Per SST




TABLE II-C

C. Grams of NO in Exhaust Per Kilogram of Fuel Burned by

Current Models of SST-Type Jet Engines

Value Identification Reference
42 G.E. (1970) - 2
14.8 Johnston (1971) 4a,b
4.9 G.E. (1971) 29
12.5 Concorde (1972) 30
20-30 McAdams (1971) 31
15-70 Ferri (1972)

32

18
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study group in 1970, but they,revised29 this to 4.9 g/kg in the

31 of NO emission

spring of 1971. chefal recent measured values

have been published fqr large jet engines that are similar to

but not identical with the SST éngine. The Concorde is said

to emit 12.S‘g NO/kg fuel in cruise mode.30. In my calculationé

in 1971 I used the figure 14.8 g NO/kg fuel.? This number is

somewhat lower than recently measured values (Table 2-C), but

it is a reasonable value and is used again in this article. At

this time the best estimate is perhaps'IStS.g NO/kg fuel for

the SST e#haust. .
With the.largevfigure of 42 g go/kg fuel, the SCE? report

calculated ﬁhat 500 SST would fill the stratosphere from top to

bottom, all over the world by an increment of nitrogen oxides of

9

6.8x10"~ or 6.8 ppb. From consideration of regions of high

traffic and as a safety factor, SCEP also considered a ten-fold
higher figure of 68'ppb. If the conservative figure of 14.8

g NO/kg fuel is used,4a'b

thesg figures are reduced to 2.4 ppb as
the worldwide increment of N0x~and 24 ppb is a possible local“
maximum including a safety factor. If the NOx'were distributed
with a world-wide uniform mole fraction of 2.4 ppb from 15 to 45
kilometcrs,.the increase in concentration of NOx would be 108
molecules cm._3 at 45 kilometers and lOlO molecules cm—3 at 15
kilometers. 1In a region of high traffic, the (somewhat arbitrary)
ten-fold sqfety facﬁor would give increments of NOx between 109,

11 3

and 10 molecules cm ~.
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It is highly improbable that the NOx from the SST exhaust

would attain a uniform moleﬁraction throughbut the stfatoéphere.‘ ot
In the stratosphere there is rapid horizontal transport, slow

vertical diffusion, and periodic (the "spring overturn" near

polar regions, once a year) subsidence of sdme_stratospheric air

into the troposphere. The exhaust plumes from 500 SST cruising

at 20 kilometers would be expected to form an irregular, non-

uniform shell all over the world. The thickness of tﬁe shell

would be a matter of the relétive rates of vertical diffusion

and sweep;oﬁt times through polar (and other local) regions.
The fullvsolution to this'problem is an exceedingly difficult
matter, ahd at presént it is being actively investigated by
several groups of atmospheric dynamicists. Meanwhile, model
calculations can be made for a range oﬁ possible cases.- Aé one
extreme, assume that the full two year burden of 500 SST (each
flying 7 hours a day) was spread uniformly all>ovcr the world
for a depth of one kilometer between 20 and 2] kilometers. The

11

concentration of NOx would be 10 molecules cm-3. If the NOx

was spread uniformly over the world in a 10 kilometer band,

10 molecules cm-3. A uniform world

the concentration would be 10
wide spread from 15 to 45 kilometers would constitute an increment

of 3XlO9 molecules cm—3. Nitric acid formation would tend to -
reduce these figures, but it can be seen fromvseveral approaches

that increments of NO from the SST in thevrange of 108 to 10ll

molecules cm_3 must be considered as possible results.
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III. STRICTLY CHEMICAL CONSIDERATIONS

A. Oxygen-Ozone Photochemistry4a';1'33

Mostly bétween 30 and 120 km, the oxygen molecule is

dissociated by radiation below 242 nm

-

(a). O., + hv (below 242 nm) - 20v>

2

Ozone is formed by addition of an oxygen atom to an oxygen molecule

as . catalyzed by any molecule M

(b) . O + O2 + M - O3 + M

Ozone is photolyzed in two regions of the speétrum. There 1is a
strong absorption between 200 and 300 nm, and a very weak absorption
of visible.light between 450-650 nm. Ozone in the stratosphere
shieids the surface of the earth from the harsh radiation between
300 nm and-the oxygen cut~off below 242 nm.-  In each absorption

region the chemical reaction is

(c) 03 + hv - 02 + O

- Oxygen atoms are removed by recombination

(d) O+ 0 + M ~» 02 + M

and both ozone and oxygen atoms are removed by the reaction

(e) q 4 O3 > 02 + O2

The hcat relcased following the photolysis of O sets up the stecep’

2
temperature inversion above 80 km. The heat released following
photolysis of O3 sets up the steep temperature inversion 15 and

50 km, which stabilizes the stratosphere.
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In the oxygen-ozone photochemical system there are two
scparate kinds of reactioné; The molecule O2 has an even number- -
of atoms, but O and O3nhave an odd number of atoms. The two
kinds of reactions are: )
(1) those that increase or decrease the number of odd molecules
Increase (a)
Decrease (d) and (e)
'ahd (2) those in which the number of odd molecules remains constant
Constant: (b) and (c)

These two sets are distinct by symmetry, and they have different

relaxation times. The set of reactions (b) and (c¢)

O3 + hv - O2 + O

O2 + 0+ M~ O3 + M

net: no chemical change

establishes a certain degree of equivalence bétween O and 03; the
steady state for this set is attained within a few seconds in the
stratosphere; and it involves no net destruction of ozone. The
net destructionAof ozone is governed by the relaxation of odd
molecules, kd[M][O]2 plus ke[O][O3]; the steady state for this
set is slowly attained with a half-time between a yeaxr or so at
20 km to a day or so in thevupper stratosphere. The five reactions
and the associated rate cxpressions are given in Table 3. The
values of the rate constants are given in Table 4.

The differential equations for formation and removal of
oxygén atoms and ozone are readily set up, and this analysis is

based on an examination of terms in the differential equations.
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Twelve .elementary reactions involved in ozone photo-

chemistryvincluding the lower oxides of nitrogen.

Reaction .

Rate expression -

(a)
(b)
(c)
()
(e)
(£)
(9)
(h)
(1)
(3)
(k)

(%)

O, + hv (below 242 nm) = 20

2

o + O2 + M >+ 03 + M

@)

3 + hv(200-300,450-650 nm)->0,+0

O+0+M=0,+M

2

O + O3.f 02 + 02

NO + 03 > N02.+ 02

0 + NO, + NO + O,

NO, + hv (300-400 nm) + NO + O

NO + NO + O2 + NO2 + N02

O+ NO + M > NO, + M

2

N02 +‘03 -+ NO3 + Oi

NO., + hv (570-700 nm) - NO + O

3 2

kaIa[O2]=ja[02]
ky [0110,] [M]

kcIc[03]=jc[03]

. 2
kg1 0]

ko [0][04]
kf[NO][03]
kg [0) [NO,]

khIh[N02]=jh[N02]

2 .
2k, IN01 [0,

 'kj[M][N0][0]

kk[NOZ][O3]

35 N0 ]




24

*A103vI0QRT STU3 UT DPBAISSGO 4
11 g 0TxL b
. e 0T < s
oy (18/0002-) Ex3, . 0Tx8 "6 Ay
6€ ham\onwﬁvmxomm|0me.m nx
6¢ (L¥/970T) dxo . OTxEE € Ty
oww|mH0ﬂuumm\uu A
6¢ Nﬁwoaxm.m z7-0TxZ"6 z7-01%¢"6 z7-0T%C"6 _NH|OHx~.m mx
D9s-ato13aed/00
8¢ p7-01*S0°T gp-0T*€0"L cp-0Tx9¢e" 7y gT-0T*¥s°2 Aam\oommtvmxmmﬂroaxmm.ﬁ ux
oas-a1oT3xed/00
LE-SE L _0TxT6°¢E g7-0T*66°1 mH|0mem.m g7-0TxE"¢ RHM\oomv|vmmea10memyH _ox
%o ST [ saxayns
Hluwmwﬁmﬂuﬂuumm\oov
S€ gg-0Tx9°L cg-0Tx8"L cg-0Tx0°8 zg-0TxT°8 Aam\omememﬂ:Homaoaxom.m @x
°N ST W exaym
HlummNAmHoHuumm\ouv
ve vmsoaxm.h pg-0T%x6°8 ge-0TxL0°T ce-0TxSE"T Aam\OOOvaxmvmnoaxoa.H U
s (X.092) X (Mo0¥%2) A (¥o022) % (X.002) X (L) % Jue3suo) s3ey
*S3UBJSUOD 3321 JO sanlea ‘Al 4749Vl



25
In the pure.oxygen system the rate of change of oxygen atom

concentration at a particular region of space'is

afol _ .. : . S 2 _
AR - 25, 10,1 - k10,3 10) ¥ 3 1051 = 2kl (012 - K, [0,] (0]

-

(3-1)
(See Table 3 for definitions of the rate constants.) The rate of

change of ozone concentration is

a[o,] | o |
Fe— = % M) [0,110] = 30031 - Kk [03] [0} (3-2)

The rate of change of odd oxygen species is giﬁen by the sum of

the rates for O and for'03

a([o;1+[0])
at

= 2j,10,] - 2{kgM1[0)% + k_l0,] (0]} (3-3)

From the raté constants in Table 4 and the,strétospheiic model of
Figures 1-5, one can see that kd[M][O]2 is veryimuch‘less than ke[03][0]
at all levels of the stratosphere (barely sobat 50 km). Also ozone
is in great excess over oxygen atoms at and below 50 km. Thus és

an excellent approximation between 15 and 45 km, oneAmay write

d(loj1+[0))
—— = 2j,[0,] - 2k [05]1[0] (3-4)
" The rate of destruction of odd oxygen (essentially ozone in the
stratosphere)'is 2ke[03][O].
" In this paragraph, I derive the expression for the "half-time"

of ozone. It is a formal definition, and close attention must be

given to just what it means. Equation 3-4 is integrated subject
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to the (unrealistic) assumption of constant oxygen atom concentra-

tion

j( d(-2k[0] [04]) j{ ' o )
23 10,12k _[oTTo,] = ~2ke[0) J a¢ (=5)

The integral is

(3,10,1-k_[01[041)

N 5, 10,1-%_[01 0,1

= Zke[O]t (3-6)

where [03]o is the concentration of ozone at zero time. At the
photochemical Steady state odd molecules are created and destroyed

at an equal rate, and then
j,10,1 = Kk [01[0,]_ | (3-7)

where [03]s'is the steady-state concentration of ozone. 1In this

way it is seen that
8= 3,10,) - kg [0][03) | (3-8)

is a measure of the departure from the photochemical steady state,
and Eq. 3-6 may be written
.Ad
In 7= = 2k_[O]t (3-9)
The time for an initial perturbation b, to be reduced in one half,

A= 1/2 AO,_is called the "half-time", =t The half time in this ~

1/2°

system is thus

1,/ = 1n 2/2 k0] (3-10)

It should be recognizcd that the oxygen atom concentration will
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‘not remain cdnStant while onne'decreaSes byaone half. Even so,
ﬁse of the éonéépt'of half'time as defined by Eq. 3-10 pro?ides
us with an éasily gfasped measure of.réaction rate for an
1nstantaneous value of oxygen atom concentration (compare the use

-of a 2 bllllon year half time for radiactive decay of uranlum as

a convenient expression of instantaneous rate).

B. Nitric Oxide Catalyzed Destruction of Ozone

1. The NO, Catalytic Cycle

In a pure atmospherc the photochemistry of ozohc is given
by the five;chemical reactions, (a) through'(e) in Table 3,
and upon addition af NO or NO2 or both there are many additional
reactions, thrée of which, (f) - (h), are considered here.
In a subsequent section the large number of fufther reactions of
the oxides of nitrogen are considered. The ahalysis given in
this section is similar to that given by Nicolet in 1965, and
in the discuséion of catalytic cycles it follows an analysis
made in11968,j The eight reactions and the associated rate
expressions afe given in Table 3, and rate constants arebgiven
in Table 4. fhe eight reactions are classified below in terms

of change of odd oxygen and change of odd nitrbgen

s Change of - Change of
Reaction odd oxygen - odd nitrogen

a +2

b 0

c 0

d -2 _
(3-11)

e -2

¥ a M
!
-
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These reactions of nitric oxide and nitrogen dioxide participate
in the increase and decrease of odd nitrogen.

Consider the pair of reactions

(f) NO + O, » NO, + O,
(3-12)

(g) NO, + O + NO + O,

net:-0, + O + 0, + O

3 2 2

The cycle (f) and (g) has the same chemical effect as reaction (e),
decreasing odd oxygen by two with no net change in either NO or NO,.
This couple is one of the simplest cases of chémical catalysis:

NO and NO, dhange the rate of ozone destruction with no change in
NO or NO2 COncentfation.- Not every nitrogen dioxide produced by
reaction (f) is followed by reaction (g), but some goes by way of

reaction h.,  The triplet of reactions

(f) NO + O, » NO, + O

3 2 2

(h) NO., + hv - NO + O : (3~13)

2

(b) O + O2 + M > O3 + M

net: no chemical change

is a "do nothing" cycle, and it acts to reduce the catalytic rate

of Eq. 3-12., The catalytic rate is not that of rcaction (£), but

rather
d(1oz1+(0}) k(0]
- = k_[NOJ[0,] —F—— (3-14)
dt catalytic £ 3 kg[O]+h

The intuitive discussion of catalysis given above can be

made more definite by forming the diffcrential equation for all
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8 reactions in a manner parallel to the development of Eq. 3=3,
. The relation between nitric oxide and nit;ogén dioxide is determined

by the fast reactions

(f) NO + O3 -+ N02 + O2

(g) NO, + O > NO + O,

(h) NQ + hv =+ NO + O

>
The rate of change of nitrogen dioxide is

d[NOZ] .
—gg— = kg[NOJ[03] = Kk [0][NO,] - 5, [NO,] (3-15)

Since there is no net chahge in the catalysts NO or N02, the

derivative d[NOZJ/dt is zero, and the relation between NO and

NO2 is
[N02] _ kf[03]

K = : (3-16)
{NOJ . kg[0]+3h

The partition of total oxides of nitrogen (Nox) between NO and

NO., is thus

2
O] ke [05]
NO.] = 2 : (3-17)
2 kg [0,T#k_TOT+3
[NO,] # [NO] = [NO_] B (3-18)

The differential equation for odd oxygen is.

a(log)+[01)
dt

= 2j_[0,] + 3, N0, ] - k, [M](0)% - k_[0,]1{0]
(3-19)
- kg INOJ [03) = k_[NO,] (O]

Addition of Eq. 3-15to Eq.3-19, with the stcady state assumption



for'NQz, gives

d([041+01)

dt

-

30

= 2j,_00,) = 2{k4[M] [01? + keto3l[o]} - 2k [0] [NO,)

(3-20)

This differential equation is to be compared with Eg.3-3. The

positive term, Zja[02], which forms ozone, is the same in both

the catalyzed Eqg.3-20 and in the uncatalyzed Eq.3-3; the terms in

Eq.3—3thatvrepresent destruction of odd ongen also appear in

Eq. 3-20; but in addition, a new destruction term, —2kg[0][N02],

_appears. If we make the same approximation that was made to

obtain Eq. 3-4

2
ko [03110] >>k4IM] [0]

then EQ.3-20 reduces to the form

It is convenient to give a special name and symbol to the expression

in

a([0,1+[0]

'kg[Nozl

dt -

1+

'_.= 2j (0,1 - 2k [0,] (0] k_[0,]

braces in Bq. 3-22

P

It

catalytic ratio

rate of ozone destruction with catalysts

~ rate of ozone destruction without catalysts

=1t T

.ke[03][0] + kg[O][N02]
k_ 10,710]

k [NOZ]

3

(3-21)

(3-22)

(3-23)

r
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By use‘of qu }dﬁ;the catalytic ratio may be expressed in'an
alternative form o
IOl (k gk /k )
1+ k [0T73)

| p’# 1l + ,(3'24)

The expression for Catalftic ratip, Eq. 3-24, isfclosely related
to the'intﬁitively derived catalytic fate, Eq. 3-14.

| The catalytic raﬁio p may be expressed either in the set of
variables [b] epd [NO], Eq.3-24 or in terms of the variables [03] and
[NO, ], Eq.3§23.j3§irtue of the relations between [04] and [O]eand
between [N02] and (NO], the expressions are equivalent. However,
it is somewhat simpler to regard [NO] and [0] as the independent
variables and to’eXamine the magnitude of p for the entire range

of [NO] and [0O] in the stragosphere.f The oxygeh atom concentration

is determined by the rate of photolysis of'Oz, 0 and NO. and by

3’ 2
the rate of combination of O with 02, reaction (b). The catalytic
ratio depenasvon these variables only through their effect on [0].

However, if kg[O] is small compared to the photolysis constant.jh
kg[pj <{ I ) L | | (3-25)

then the catalytic ratio assumes the particularly simple fofm

| k k_[NO) | .
o= 14 I » R - (3-26)

eJh
In this casc, the catalytic ratio is‘indepondent of [0], [02], [03],
(M], andv[NOZ]. From Table 4 it can be seen that at all stratospheric

12 cm?/particle—sec, h is 7><10~3 sec_l,

temperatures kg is 9.2x10°
and thus kg[O] is equal tojh when the oxygen atom concentration is

7.6><108 per cm3. The catalytic ratio has the simple form of Eq. 3-26



when oxygen atoms are much less than 7.GX108;molécules/cm3.
From Figures 6 and 7 it can be seen that this approximation
is valid at all elevations below 35 kilometers. Then the

catalytic ratio depends only on four rate constants and the

nitric oxide concentration. This calculation will be illustrated

here for 1010 molecules of nitric oxide per cc, and by use of
the rate constants at 220°K in Table 4:

(4.36x10°1°) (9.2x10712) 1010

p
(8.93%10 1) (7x10”3

1+ :
v ) | | (3-27)
=1+ 64 = 65 |

This simple calculation shows that under these conditions, nitric

oxide destioys ozone 65 times faster than pure air; and with V65

fold‘reductioh of ozone. The half-time to destroy ozone under
these conditions is
<

= 1ln 2/2 ke[O]p

1/2 (3-28)

To carry out this calculation a value of oxygen atom concentration
must be assigned; the value 106 satisfies the condition of Egq. 27

and it is a typical value at 20 kilometers in'the stratosphere.

The half time is then
o ~16, ,. .6 |
11/2 = 0.693/2(8.9x10 ) (107) (65)

o= 6><106 sec = 69 days

- These very direct calculations imply a fast (69 day half time),

almost total (up to /65 fold) destruction of ozone by nitric

10

oxide catalysis for this special case of [NO] = 10 per cc and

[0]) = 10° per cc.



Ratio of catalytic rate to natural rate of ozone

destruction as a function of temperature and oxygen

TABLE V

atom and nitric oxide concentration.

p, catalytic rate ratio (Eq. 26)

ek

200

220

240

260

10

[NO]

lOll

lo10
10
10
10
10
10

10

11

10

1010

10

10

loll

1010
10

10

11 .

(0] - 10°

1011
- 102

11.1

2.01

644
65
7.4
1.64

468
48

l‘ 47

354
36
4.5

1.35

10°

1010

1102

11.1
2.01

644
65

7.4

l.64

468

48

5.7

1.47

354
36

1.35

107

1000
101

11.0
2.00

637
64
7.3

1.63

461
47
5.6

1.46

351
36
4.5
1.35

108

891
90
9.9

1.89

569
58
6.7
1.57
414

42

5.1

1.41

313
32

1.31

109,
441
45

5.4

1.44

279
29
3.8
1.28

203

21

3.0
©1.20

154

16
2.5

1.15

10

10

72
8.2
1.71
1.07

46

1.45
1.05
43
4.3

1.33
1.03
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TABLE VI
Héif timés for catalyzed and uncatalyzed decomposition

of ozone.

Tl/z, seconds

7 8 9 10

101 105 10% 20 108 10 10
T°K [NO] | .
200 101 ©1.0(7)  1.0(6) 1.0(5) 1.1(4) 2.3(4) 1.4(3)
1010 1.0(8)  1.0(7) 1.0(6) 1.1(5) 2.2(5) 1.2(4)
10° © 9.0(8)  9.0(7) 9.0(6) 1.0(6) 1.8(5) 5.8(4)
108 '5.0(9) 5.0(8) 5.0(7) 5.3(6) 7.0(5) 9.4(4)
0 ©1.0(10)  1.0(9) 1.0(8) 1.0(7) 1.0(6) 1.0(5)
220 10! 6.0(6) 6.0(5) 6.1(4) 6.8(3) 1.4(3) 8.5(2)
1010 6.0(7) 6.0(6) 6.1(5) 6.7(4) 1.3(4) 7.1(3)
102 5.3(8) 5.3(7) 5.3(6) 5.8(5) 1.0(5) 2.7(4)
108 2.4(9)  2.4(8) 2.4(7) 2.5(6) 3.0(5) 3.7(4)
0 ©3.9(9)  3.9(8) 3.9(7) 3.9(6) 3.9(5) 3.9(4)
240 101 3.8(6)  3.8(5) 3.9(4) 4.3(3) 8.9(2) 4.2(2)
1010 3.7(7) 3.7(6) 3.8(5) 4.3(4) 8.6(3) 4.2(3)
10° ©3.2(8)  3.2(7) 3.2(6) 3.5(5) 6.0(4) 1.3(4)
108 ©1.2(9)  1.2(8) 1.2(7) 1.3(6) 1.5(5) 1.7(4)
0 ©1.8(9)  1.8(8) 1.8(7) 1.8(6) 1.8(5) 1.8(4)
260 10YY  2.5(6)  2.5(5) 2.5(4) 2.8(3) 5.7(2) 3.4(2)
1070 . 2.5(7)  2.5(6) 2.5(5) 2.8(4) 5.5(3) 2.5(3)
10° 2.0(8) 2.0(7) 2.0(6) 2.1(5) 3.5(4) 7.0(3)
0% 6.5(8)  6.5(7) 6.5(7) 6.7(5) 7.7(4) 8.6(3)
0 8.8(8)  8.8(7) 8.8(6) 8.8(5) 8.8(4) 8.8(3)
1 hour = 3.GXl03 sec
1 day = 8.6x10% sec
1 month = 2.6><10G sec

1 year = 3.2x10/ sec

I T cgr smr s otery
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From.Fighres 1 and 2, it can be seen‘that the_four‘temperatures
200°K, 220°K, 240°K, and 260°K embrace almost all of the
stiatosphe;e. From Figures 6 and 7, it can.be seen that (24
hour average) oxygeh atom concentrations in the stratosphete fall

10 atoms cm-l. .From considerations of the

in the range lO5 to 10
'natural NO béckground and increments of Noxifrom the SST, it was
found that'the total range of expected nitric oxide concent;ations
is embraced by 108 to 10ll molecules cm_3. " The catalytic ratio-p,
‘Equation 3424,15 given for the full range of stratospheric
fcmperature,'oxygen atom concentratioh, and nitric oxide including
the maximum.SST increment in Table %. There are 96 entries in
Table 5. The incremental rate of ozone destruction by NOx
(relative to pure air)'is greater thanVIO% for 92 cases, greater
théh a factor of 2 for 71 cases, greater than a factor of 10

for 48 ééses;.and greatex than a factor of 100 for 23 situations.
The maximum effect within the domain of expected stratospheric
conditiohs is a factor of 1000. These calcdlations which cover
the full fdﬁg¢ of the independent chemical variables for all of
the stratosphere, show large effects.by NOx uhder virtually all
conditions. '

Table 5, however, only'gives relative.fates, the rate of
ozone destruction with NOx relative to the situation in pﬁre air,
If the absolute rate with NO# is slower than a ten year half-time,
then cven a relativé rate of 100 is not a serious mafter. For
the full range of independent variables as given in Table 5, the
half-time T (Equation 3-28) for ozone destruction is givcn.by

Table 6. For 14 out of the 96 cases including NO_, the half-time
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is,greaterJthan two years. For these cases the large ozone
reductions indicated by Table 5 will not be realized in the
real stratosphere, where residence half-times are from 1l to §

" averaging about 2 years.

 years,
. If the cgtalytic tatiés had been large, say larger than
1l.10, fdr al1 values of all the independent variables as realized
in the stratosphere and if the half times fbr ozone destruction
had all been shorter than the two year mean.résidence time of
contaminants iﬁ-the stratosphere, thén one could say from analysis
given by Tables 5 and 6 that NOx is an important problem in the
ozone balance of the stratosphere, regardless of air motions.

If the effects are both large and fast everywhere, then any wind

or atmospheric motion is merely moving a big chemical cffect

from one place to another. However, as can be seen from Tables

5 and ¢, the effects are small for certain ranges of the independent

variables and the rates are slow for certain ranges of the
independent variables. This makes the problem a very difficult
one in wﬁich iealistic assesément of atmospheric motions and
realisticcoﬁsiderationgiof photochemical and chemical réactién
rates must be carried out. For a lafge regidn of space the SST
-exhaust will set up a large catalytic ratio, but whether the
rate of ozone destruction is slow or fast is a strong function
of oxygen atom conccntratlon, which in turn (Plgureo 6 and 7)
is a strong function of elevation.

It can be scen from Figures 1 and 2 that 220°K is a typical
temperature for a large portion of the stratosphere in the

range of SST operation. The éatalytic ratios and ozone destruction
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half—times from Tables 5 and 6 for 220°K are plotted4e in Fighreklo.
fhe region of small.effectiis indicated; and where the half-time
exceeds two years the region is marked as "slow". The oxygen

atom axistof Figure 10 can be translated into elevation and

latitude by means of Figures 6 and 7. At the 20 kilometer cruise
height of the SST, the 24 hour average oxygen atom concentration

6 1f the exhaust shell averages 1 kilometer in

11

vis close to_lO
thickness, the cohcentration of NOx in the shéll would be 10
cm—3~(2 year burden); then the catalytic ratio is greater than 100
and the half time is less than one month. If the exhaust spreads
over a 10 kllometor shell in the two year resxdence tlme, the .
catalytic ratlo is greater than 10 and the half time varies from
about a month of the upper part to more than a year at the lower
~part of the shell. If the exhaust spreads out over a shell about

20 kilometers thick, then some has passed through the tropopause to
be rained_out in a few days, some resides in the lowest stratosphere
where half'times are longer than two years, some has moved up to
regions where the oxygén atom concentrations arc 107 to 108 and

the rates are fast. These considerations of figure]o with comparison
to Figureé 6 and 7 again show that the full solution of this

problem will require extremely detailed and realistic considerations

of atmospheric motions and chemistry.
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2., Other Reactions of the Oxides of Nitrogen

There are several other mechanisms whereby oxides of
nitrogen catalyze the formation and the décombosition‘of ozone
(removal of odd oXygen) in a photochemical situation.

(i) ~ 2NO + O, + 2NO

2 2

(h) 2{NO, + hv (260-400 nm) + NO + 0)

S
LI T

nei::O2 + hv (260-400 nm) -+ O +'O'(compare a)

(3j) O + NO + M =+ NO, + M

(g) 0+ NO, > O, +M

‘net: 0+ 0+ M~>0, +M (compare d)
The NO4 catalytic cycle may be very important below 22 km4c
(k) NO2 + O3 > NO3 + O2

(2) NO3 + hv (600-700 nm) =+ NO + 02 (day)

(f) NO + 05 » NO, + O

net: 203 -+ 302

At night reaction k is followed by

M
'(m). NO2 + NO3 -+ N205

The di-nitrogen pentoxide is also a catalyst of ozone destruction

M
(n)( N205 + M + NO, + NO

2 3
(k) Z(NO2 + Q3 -+ NO3 + O2
(Q)_ 2N03 -+ 2N02‘+ O2
(m) NO2 + NO3 -+ N205

‘net:v20 -+ 30

3 2
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(q) NZOS + O > 2NO2 + O2 ;(?)
(k) NO2 + O3 '*MNO3 + O2
‘(m) vN02 + NO3 > N205
net: O, + O + O, + O2 (compare e)

3 2
where the question mark signifies'that the réaction, through

‘plausible, has not been shown to occur as written. Under

daylight conditions at the earth's surface, NZOS is photolyzed

(P) N,O. + hv (200-380) +'2N02 +0 (?)

and the absorption cross section increases sfrpngly below 300 nm.
There are a-humber of other reactions of the oxides of nitrogen,

which are relatively unimportant under stratospheric conditions

‘r)‘ NO3_+ NO f N02 + NO2
(s) NO2 + NO3 + NO + 02 + NO2
NO

, *+ NO, 2 NO,

NO + NO, 2 N,0,

C. Other Reactions that Destroy'Ozone

1._Reactions’9£_Excited Oxygen Species

There arce many rcactions that involve excited electronic

states of oxygen atoms and molecules. This field has been

42

reviewed recently by Wayne and it continues to be an active

fiecld of current research. The important reactions are

(where O and 0, represent the stable species and a fuller

. , +
- statement of excited species is lA and lXg):

g



(i) Formation of excited species

(cl) 0, + hv (450-650 nm) + 0, + 0

(c2) (310-340 nm) +.02(1A) +0
(c3) . (below 310 nm)A+ Oz(lA) + O(lD)

(8) o(p) +0, +0 + oz(lz)

2
(ii) Deactivation of excited species
9) o(lp) + M +0 + M

(10) 02(1A) + M0, +M

2

(11) 02( L) + M ~» O2 + M

(iii) Light emission by excited species
(12) o(*p) » 0 + hv (630 nm)

(13) 0,(*%) + 0, + hv (760 nm)

2

(14)'oé(lA) + O

2 + hv (1270 nm)

(iv) Reaction with ozone

« 1 '
(15) O('D) + 05 » O, + O,

(c) O+O-3'*02+02

(16) 0,(*4) + 0, >0, + 0, + 0

3 2 2

+0,+0,+0

\ 1
- (17) 02( L) + 03 5 2



»
.
x

"

iy

o

I

S

41

Undér stratospherié conditions the deactivatibn procésses (ii)
predominate over the ozone destiuction processes (iv). The
reactions-of,oz(lA) and 02(;2) with ozone do hbt lead to loés
of odd oxygen. The reaction of O(lb) with ozohe,.however, does
represent destruction of odd oxygen;_and the hagnitude of this
process is examined bclow.~ ‘ |

The rate equation for,O(lD) is:

[0,]

aroln))

. N '
3t Jes - kg[M][O("D)] - @ (3~29)

where Q' repreSent reactions of O(lD) with ozone, water, nitrous
oxide, methane, and other minoxr species. The rate constant for

deactivation of O(lD) by air is very large, (6t3)x10-11 cm3

molo::cule'-l sec—l, and air molecules are in great abundance over
the species named above. Thus Q' is negligible compared to the
other terms in Eguation 3-29. The steady-state concentration of
sihglet oxygéﬁ ) |

(0P T = 5431051/k M1 = 5 5a(0,) /K, (3-30)

where a(03) is the mole fraction of ozone and jc3 is the photolysis
. constant for ozone with respect to wavelengths below 310 nm. A
glohal distributionrof'o(lD) is given by Figure 8.

The destruction of ozone by singlet oxygen atoms

1
o(™ D)y + O3 ’ 02 + O2

has a rate constant4‘2 of about l.SXlonlo.

-
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2. Reactions of Free Radicals Based ggjwater (Hox)4

The free radicals based on water are indicated by the
symbol be (H, HO, HOO). These free radicals are formed from
singlet D oxygen atoms, which are produced by the photolysis

of ozone below 310 nm.

(¢3) 04 + hv (below 310 nm) + 0, + 0('D)
9) o(*p) + M0+ M
(18) o('D) + H,0 > 2HO
(19) olp) + H, » HO + H
(20) O(lD) + CH, + HO + CH,
CH, + 04 H,CO + HO
M - hv
cnfm——Jv
H,CO f hv > H, + cO
+ H + HCO
H+ 0, + M > 100 + M
HCO + O. - HOO + CO

2

From laboratory studics a number of reactions have been
shown to occur and rate constants evaluated for HOx reactions.

The known recactions in this system include

“(H) (22) H+ O

3 > HO + O,
(21) H + 0, + M > HOO + M
(HO) (23) HO + O » H + 0,
(24) 10 + HO > 1,0 + 0
+ i, + O,
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(26) HO + 1O + M =+ 1,0, + M

(27) ~HO. + HOO »'HZO + 02

l(HOO) (28) HOO + HOO - H202 f 02.

:(HZOZ) (29) H202 + O + HO + HOO.'
(30) LH202'+ hv + HO + HO-
(31) H,0, + HO > H,0 + HOO
(v*) (32) HO(v>2) + 03.+ H+ 0, + 0,

The rate constants for these reactions are given in :eference
4d and in other references cited there. There has been a great
deal of aCtivity-in this.field‘during the iﬁmediate past, and
some of the recentbestimates have varied rather widely{ for

example, the ratio of rate constants kle/k8 for the»reactioné

(18) o(ip) + H,0 » 2HO

&) o('p +0, 20+ 0,

has been repgrted as '10.7 (ref. 43), 4.2 (réf. 44), and 0.12

(ref. 45)."In the stratosphere, the imporfant quantity is

the ratio bf.rate constant of O(lD) with water'and with air,

since this determines the fraction of O(ID).that goes to form

two hydroxyl radicals. It appcars that this important ratio

is not yet.satisfactorily known, although.this situation will

probably be éorrected very soon, in view of current active interest.
The reaction of O(ID).with water ﬁo form hydroxyl radicals

was discovereal® by McGrath and Norrish in 1960. They then
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spectulated that the chain decomposition of wet ozone by ultra-

" violet 1ight was brought about by the,reactioné

(33) HO + O3 » HOO + O, (2) 1
(34) HOO + 0, + HO + 0, + O, (?),_ ;
~net: 204 +_302; -
vxaufman47r‘(l964) attempted to measure the first of these reactions,

but it was not observed to occur. He was able to set a linit on
its rate - - . _ |

13 -1

koa< 5x10 ¢m3 molecule-l'sec S _ : ' '  j:

33

Many unsuccessful attempts have been made to measure the rates of

these reactions; Recently Langley and McG'rat_h48

have looked for
this reaction in a situationthere it would produce a big effect
if it was present. They showed that reaction 33 is 5000 times
slower than the limit set by Kaufman, that'isv
o -16
<
kyp< 207

cm® molecule ! sec”}

With this very low limit, the thermal chain-reaétion based on HO i

and HOO is tpled out as an important process in the stratosphere.

49,50

Hunt .pointed out the neced to conéider loss processes for

ozone other than those based on pure air, and he adopted McGrath

and Norrish's hypothetical rcaction chain for model calculations.

He-replacédfxaufman's inequality, k33< SXI0-13, by an.equality -
. -13 |
kyq= 5x107°7

Hunt said: "A rather arbitrary assignment of 10_l4 was made for

the value of'k34,but the reaction must be rather slow as the rate B

has not been measured...The ozone profile was...sensitive to

-~ - ’ . ‘ i . !
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13 15

the value of 'k34...varying kyy from 10777 to 10° ' changed the

total O, amount from 0.1 to 0.35 cm. STP". Thus by adjustidg

3
the rate constant of this hypothetical reactidn,‘oné'cén'caiculate
any desired reduction_of the total ozone column. In his artiCle,'

Hunt made model calculations in which he demonstrated that water

reactions would be sufficient to explain the ozone deficit if

the rate constants were as big as k§3== 5 10_13 and k34== 10-14.
The demonstration by Langley and McGrath48-that k3315 less than

10-16vshows that these water reactions are not sufficient to

explain the ozone deficit.

Hydroxyl radicals react with carbon monoxide and with methane

at fairly well known rates>l

(46) HO + CO -*CO'2 + H

(36) HO + CH, » H,O + CH

4 2 3

In terms of known chemical reactions, there are several
catalytic cycles involving the HO_ system, but they are'véry minor
in effect below 40 km. Examples of sﬁch”cybles are’ |

HO + O + H +'02

H +, 03 - HO + O2

net: 0 + 05 > 0, + O,

HO + O =+ 1 +O2

H+02+M+HOO+M

HOO + O = 10 + O,

net: 0 + O ~» O2



N = 5 : | S | %
At high pressures (laboratory conditions) of water and ozone, an

- energy chain involving vibrationally excited hydroxyl radicals

may occur

H + 05 » HO(v9) + 0,

-

~HQ(V32) + O3 + H + O2 + O2

net:‘ZOB,» 302

Although a number of the rate constants.are not well known,
it appears that ozone destruction by the "water reactions" is
a very small effect below 40 kilometers and the matter of only

a few5perdent between 45 and 50 kilometers.

D. Nitric Acid and Nitrous Acid

1. Important Reactions

Nitrous écid_(HNOz) and nitric acid (HNO3) are important
in the stratosphere as a sink for hydrokyl‘xadicals and as a |
temporary résérvoir for NO and NOZ; in the lerst stratgsphere
the washout of nitric acid by rain appearé to be one of the
principal sinks of stratospheric'NOx.

The case for nitrous acid is relatively.simple. It is
formed from hydroxyl radicals and nitric ogide in a third—brdcr.

reaction22

(4) 1O + NO + M + HNO, + M

It is destroyed both by'hydroxyl radicals and by ultraviolet

radiation between 300 and 400 nm
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(5) HO + HNO, * H,0 + NO,

(6) HNO

, + hv (300-400 nm) -~ HO + NO

The combination of reactions 4 and 5 constituteS‘a sink fof
" ‘hydroxyl radicals. However, the phqtodissociation is so fast

4 t6 1073

(3 ~ 107 secnl) thai.nitrous acid appears to be of
low impdrtance in the stratosphere.

Nitric acid is a much more complicated and more important
substance in the stratosphere. Nitfic aéidbméy be formed by a

thermal process4a

(f) NO + 04 NO, + 02'
(k): NO, + 0, > NO; + O,
(m) -NOZ f‘No3.+ N205
(7) N,05 + H,0 > 2HNO; (?)
net: 2NO + 30, + H,0 » 2HN03 + 30,
and it is fOr@gdvby a photochemical processdé
(¢3) O3 + hv (below 310 nm) + O, + o(ip)

(9 o’ + M+ o0 +u

(18) o('p) + H,0 » 2HO

2
M
.(l) HO + NO2 f HNO3
net: 0, + 2NO, + H,O - ZHNO3 + O2

3 2‘ 2
Nitric acid is desfroyed by hydroxyl radicalszz-zd and by sunlight25’54-

(2) HO + HNO, » H,O + NO

3 2 3

(3) HNO5 + hv (below 325 nm) + HO + NO,

Both the thermal and»photochemical processcs are discussed below.
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2, Thermal Process of Forming HNO3

The reaction of nitrogen dioxide and ozone produces‘thé
free radical N03, which is rapidly photolyZea to prodgce'NO

and 0, by day but at night the radicai NO3-iS‘capable of

2

entering into a series of reactions

(r) NO, + No + 2NO,

',(S): NO, + NO, + NO, + O, + NO '
M

(m) NO; + NO, + N,O,

_‘o) NQ3 + NO3 + 2NO2 + 02

At night, ozone reduces NO to such a low vélue-that the rate of
the first féaction is very low. The second and fourth reactions
have activation energies respectively 4.4 and 7.7 kcal, and they
are siow compaxed to reaction m in the stratosphere. Thus at

night reaction k is mostly fdllowed by reaction m, and the over-

all reaction is the formation of N,O from“NO

295 and onne.

2

‘(F) No2 + 03 > NO3 + 02

M

(m) NO. + NO. -+ N

3 5 20¢ (night)

net; 2NO2 + 03 -> NZOS + 02(nlght).

5, to N O. by way of reaction k

The half-time for conversion of NO 20¢

is
Tx
These half times vary over the stratosphere between 0.5 and 120

nights.da'

= &n 2/2k, [0,] C (3-31)

|
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The dlnltrogen pentox1de SO formed undergoes . both thermal'

and photochemlcal reactlons

M

(n) N, 0, -~ NO, + NOg

() Nj05 + hv ¥ 2M0, + 0 (2)

(@) N0, + O + 2§O, + 0, (2)

5 2 2

(7) N,O. + H,O - 2HNO.

205 * Hy0 > 2HNO3  (?)

At 300°K, the rate constant k7-has.been tentatively reported55

 to have the value of 1.7*10718 cm3/molecule—sec. - For a bimolecular
reaction to have SO low a raLe constant, 1t must have an actlvatlon
energy, and thus the rate would be substantlally lower at
stratospheric temperatures. Annest;mate of the;actlvatlon enerqgy
can be made from the single rate constant by assigning a

"normal" pre-exponentialrfactor~to‘teaction 7.of»l'0"12 cm3/molecule-
sec. In tnisscase, the activation enexqgy is 8 0 kcal/mole, and

the rate constant .as a function of temperature is k7 = 10-12
exp-(8. O/RT)cc/molecules sec. On the other hand measurements

in this laboratoiy by Calamere56 us;ng a large (22 llter) bulb

has shown that the rate constant for reactlon 7 is less than

-19

2x10 at 323°K. Thus, the rate cenStant under nomogeneous

conditions is limited by the inequality k7 <-10~12 exp (-5000/T)

cm’ molecule 1 sec_l. At 220°K the rate constant is less than
10~22, and thus it is quite negligible. "Hewever, it is conceivable
that reaction 7»occnrs on theusurface'of paftiCulate matter in

the stratoSphere, and until that possibility”is quantitatively'

worked out, it is well to mwtain rcaction 7 as'a~pOSsibility.



50

" At night the following reactions are the important ones

in this set

'7(_k) Noz + 0, NO3‘+. o,
{m) NO2 + §O3 + M~ N205 + M
'(p)' N2°5 + M+ No2 + No3 + M

(7) NzoS +.H20 + 2HN03

Differential equations are written for NOZ;-Nos, NZOS'
The steady-state assumption is made only for No3. The

simultaneous equations for NO,, N,O¢, and HNO, are

d(N02]

&t =_“2kk[03][N02]

-a[N2051 | -
~dat = kk[°3][N°2]'“ k7[H20][N295]

a(HNO3] :

—3— = 2k, [H,0][N,0,]

and HNO3.

resulting

(3-32)

Because ozone and water vapor are always in large excess over

the oxides of nitrogen, they may be regarded as constant, and

the set of equations is readily integrated}

= - o—Bt, _ B _ .Yt }
[HNO3] = [N02]o {(l e ) Y (L ~-e '7)

(3-33)

where 8 = 2k, (H,0) and y = 2k,[H,0] +'2kk(03]‘ The mole fraction

.of water was assumed to be 5><10'-6 throhghdut the stratosphere.

N205 is formed during the night by reactions k and m and decomposed

to NOx during the day by reactions n, g, and by photolysis p.

ot
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Eq. 3-33 wasisolved for the 12 hr 6f night to give a fractional
yield ofvniﬁric acid,:[HNQ3]/[N02]o. The half—time in.nﬁmber
of nights is 0.50 divided'by:the'fractional yield of HNO3-iﬁ
one hight; These.half—times in years (using the old value of k?)
were calcﬁlated. The'maximum rate of conyersion of NO, to.HNoj
via NZOS occgrs between 35 and 40 km, and the minimum half-time
is over half a year.4a_ Below 25 km. the half-time ranges from
one to-tweﬁﬁyvyears. Using Calamore's value56 for k7 the rates
are about one hundred fbld slower.

The absorption spectrum of szs was obtained by Jones
and Wulf.57"There is a weak continuous abSorption,decreasing
from 300 to 380 nm, and~£here is ‘a strongexr continuous absorption
increasing from 300 to 240 nm with no signs of a maximum. Based

on the 12 hour average llght intensity at 20 km for 45° latitude

and at solar equinox, the photolysis rate constant for

- (P)- N,Og + hv(300-380 nm) » 2NO, + O (?)

is iE = 2,2 ZLO-'-5 sec—l. This rate constant implies a 9 hour
275

half-life for photolysis of N,O. at 20 km. This rate constant
would increase sharply at higher elcvations;' |

3. Photochemical Process 9£:Forming IINO3

Hydroxyl radicals, prodgccd photochemically; add to nitrogen
dioxide to form nitric acid

M

(1) HO + No2 -+ HNO3
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This rcaction has been studied over a wide range of pressure,
temperatures, and identity of foreign gases M at temperatures
above 600°K; and recently the reaction has been studied near
room temperature.22 The reaction is a biﬁolecular.éssociatiQn,‘
it shows stiong_effects of non-equilibrium distribution over
vibrational'states of HNO3, at stratosphéric.pressures it is in
the middle of its "fall-off" region, and tﬁé“rate is neither
third order nor second order but é variéble order between these
limits. |

The shépe of the cur?e‘of empirical second-order rate
.constant was detefmined at high temperature. The values of the
rate constants as a functidn of helium pressures has been
determined'over a wide pressure range at room temperature. The
curve~exbéctcd to have the correct shape haé been insérted in
the observed experimentql points at réom temperatufe, Figure 11.
Actual_stratospheric conditions involve a different fo:eign gas
M (N2 and 02:instead of He) and a different femperature. One
cannot sayvg priéri'whether air would be more or less efficient
than helium; compafe éxperimental résultsffor foﬁr similar cases
including HNO3 in Table.7. The rate constant for bimolecular

associations incrcase slowly with a decreasing temperature.

Thus the experimental points and the full curve given in Figure 11

probably undercstimate the rate for stratospheric temperatures

and gas composition.

23,24



TABLE VII
Relative efficiency, ky/kpr Of véribus.foreigq gases as’
measured at the low~pressufe limits of the unimolecular

decomposition

N,0 NO,C1 ~ HNO, N,0,
‘A ©1.00 - 1.00 | 1.00 1.00
He © 0.66 0.25 C- 0.12
Ar 0.20 0.21 0.16 | 0.14
N, | o0.24 0.29 | - 0.23
0,. 0.23 0.26 - 0.16 - 0.30
co, 1.3 0.39 0.29 0. 40
H,0 | - | - 1.05 -
Referénce' 58 59 ‘ 53 - 60

58. M. Volmer and M. Bogdan, Z. Phys, Chem;‘glg, 257 (1933);
M. Volmer and H. Froehlich, %. Phys. Chem. 19B, 89
(1932) .-

59. M. Volpe and H.S. Johnston, J. Am. Chem, Soc. 78, 3903
(1956). | f

60. D.J. Wilson and H.S. Johnston, J. Am. Chem. Soc. 175,
5673 (1953); H.S. Johnston, 'J. Am. Chem. Soc. 75, 1567

(1953).
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4. Destruction of HNO3

The reaction of HO with QNO3 has been étudied at high
temperatdre‘(700°K) and at room temperature (300°K) by different ,':
invéstigators. The Qbsefﬁed rate constaﬁts were very nearly
the same,_Table 8. The indication is thatAﬁhis reaction has
a very sméll activation energy. The best present estimate of

13- 3 molecule-1 sec” !

the rate constant appearé to be l;SXIO-
at all temperatures.

The absorption spectrum of nitric acid Vapoi as a function
of wave léngth is given by Table 9. Befces and Forgetegz9 studied
the quanﬁum yield of the photolysis of nitric acid vapor at
253.7 nm and at 265 nm.  They found a quantum yield for the
formation of NO,: 0.3 at 253.7 and 0.1 at 265 nm. Preliminary
studies in this laboratory give a primary quantum yicld of about
one at 200 nm and about 0.3 at 300 nm. The shape of the absorption yi
spectrum indicaﬁes two or more electronic transitions are |
involved; a strong absorption beginhing at 280 nm and increasing
to a very large value at 190 nm; a weak ébéofption centered at
about 260 nm, extending out to 325 nm. It may be that absorption
in the short-wave length band has unit guantum yield and
absorption in the long-wave length band has a variable, low ¢
guantum yield. | ‘

By the methods presented in apbendi# A, the rate consﬁant
j3 was calculatcd

‘j3 = ig(x)¢(})1(k,h) - (3-34)
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Observed values of the rate constant for HO + HNO, at various

temperatures
Temperature k
E 3 -1 -1 Reference
°K cm” molecule sec
698 1.8x10" 13 24
670 2.0x10" 13 23
639 1.9x107 13 53
300 1.3x10713 22
208 1.7x10713 54




TABLE IX

Absorption cross section of nitric acid for ultraviolet

- 56

radiation52
A nm g cm2 - A nm o] cm2
190 1.32(-17) 260 1.90(-20)
195 9.10(-18) 265 1.80(-20)
200 5.50(~18) 270 1.63(-20)
205 2.55(~18) 275 1.40(-20)
210 9.70(-19) 280 1.14(-20)
215 3.28(-19) 285 8.77(-21)
220 1.44(-19) 290 6.34(-21)
225 8.51(~20) 295 4.26(-21)
230 5.63(-20) 300. 2.76(-21)
235 ‘3.74(-20) 305 1.68(-21)
240 2.60(-20) 310 9.5(-22)
245 2.10)-20) 315 4.7(-22)
250 1.95(-20) 320 . 1.8(-22)
255 1.94(-20) 325 2(-23)
17

1.32(-17) means 1.32x10

Qn(IO/I) =

units of molecules cm-3.

0[HNO3]L, with L in cm and concentration in
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where o is the light absorption cross section, ¢ is the primafy
quantum yield, and I is the light intensity as a functidn_qf
wave length and elevation. The light intensity depends en all
light absofbing species ébove the elevation h and on. latitude
- and time'ef day.. Teble lb gives these photochemical rate constants
at 45° latltude, solar equinox, noon, and 24 hour average. The
"light absorptlon constant" is given by Equation 3-34 with ¢ =
the photoly81s constant" takes a varlable quantum yield from

1 0 to 0 3 between 210 and 310 nm.

5. Nitrogen Dioxide-Nitric Acid Steady-State Ratio

The important reactions in setting the steady-state ratio
of nitrogen'dioxide'to nitric acid are
_ M
(;). HO + NO, - HNO ,

(2). HO + HNO., » H,O + NO

3 2 3

'(3) HNO3 + hv + HO + NO2

The ratio of nitrogen dioxide to nitric acid is

NO., ] x X
"WN““S ] gt i—'[_'_"?lo] (3-35)
T3y M 1 ‘
The half-time tovapproach the steady-sfate_is ' r
172 T 0 2/( [HO] + Ky THOY + kj) (3-36)

Between 20 and 25 kilometers, k; is about 10712, k, is about

10“13 “and k3 is between 10”7’ and 1076 sec 1, Thus the'ratio
of NO2 to HNO3 is
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'([NOZ]/‘[IINQE}])S T 0.1 + (105 to 106)/[}1'01 o (3-37)

1f hydroxyl radicals are less thanleS moiecules ch;3, nitrogen
didxide willlexceed nitrié’écia( and the half-time is determiﬁéa
by the phdtolysis rate, about 6'to 60 days. If the hydroxyl |
radicéls ekcée\:dlo6 molecules cm~3,_then nitric acid e#ceeds
nitrogen_dibxide,_and the half time to reach the steady state

is less théﬁ G days. At higher elevations:kl decreases,'k3
increaées, and [HO) increases; the nét éffeét_is for NO2 to become
increasingiy important relative to HNO3, and the steady state
betWeen N02 and IINO3 is rapidly attained. Aléhough all the
numbers are not yet estéblished, it appears probable that the
ratio, [NOZ]/[HNO3], is about 0.1 at 15 kilometers, about 1 in
the vicinity of 25 kilometers, and much 1argét than 1 above 35
 kilometers. At all elevations, the half~time to establish the
steady state_between NO2 and HNO3 appears'tq.be 2 monﬁhs or less.

E. The Smog Reactions41151r51

As A.J. Haagcn—Smit61 demonstrated 20:years ago, the oxides
of nitrogen in sunlight produce ozone if organic gases of almost
any sort arc‘present.. The activity of the brganic gases in this
respect is widely'yariable.51 In urban air the concentrated
pollutants are swept away by horizontal wiﬁds or vertical
convection within a few hours, and thﬁs‘only those organic gases
that are sq active that they undcrgo the smog reaction within
an hour or two are regarded as impdrtant. Mcthane is the lcast

active of all tested organic gases in the smog reaction, and in
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general metﬁahe isjéégarded.as inactive in photochemical air
pollution. However, with the long residence times in the
stratosphere (years) and with the intense radiation fieid :
producing 6(3P), O(lD) and HO radicals, the role of methaﬁe .
in the phoﬁochemical_smog reactibn must be considered. The
full details of the smog reaction are still hot known, but the

41’51’61' There

broad outlineslhave'been clear for many years.
is the basic, inorganic cycle, the organic contribution to the
inorganic cycle, and the manifold reactions of the intermediates

and products of these reactions. The inorganic cycle is simply

(h) 'NO, + hv (300-400 nm) » NO + O(’P)

(b)-_o + 02 + M - o3 + M

(f) NO + 05 » NO, + O, -

net: no reaction .

Although there is no net reaction, there is a small steady-state
concentration of ozone, which is reached within a few minutes

even at sea level

(0,1, = 3, [NO,1/k [NO] | BNESETY
" The ozone derived from the inorganic cycle -alone.cannot exceed
the amount 6f‘NOX.- The organic matérials~are attacked by ozone
(or by O(lD) or HO deri§ed from the near 300 nm photolysis_of
ozone) to produce peroxyl free radicals (of 6ther intermediates)
that reconvert NO to NO2 with the nct productioh of one ozone

molecule. For a reclatively simple smog reactant like propylenc,

there are a large number of branching reactions, some of which
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produce pefoxYl radicals, CH3(CO)OO, Cn300,”H00,'e£c.,vThese‘
radicals, ROO, presumaﬁly'react with nitric 6xide eithervdirectly
or indirectly | |

ROO + NO + RO +'ﬁ02
In general about one atom of carbon in a complex hydrocarbon
converfs bné NO to NO2 and thus ﬁakes one molecule of ozone.
The orgénic material is not a catalyst; it is a reactant consumed
or at least degraded when it forms ozone by this mechanism.

Oon the long time scélé of the stratosphefe methane aiSo enters
the émog reéétion. _There is a 1arge natural background of methane’
whereas fhe»COncentraﬁion of all other organib materials is vefy
low in the natural atmosphere.v A possible (not unique) set of

reactions whereby the consumption of methane produces ozone is.

(c3) d3'+ hv (below 310 nm) + O, + o(lp)
(18) o(p) + H,0 + 2HO
(36) HQ + CH4 +‘H20 + CH3
M hv v
(39)‘ C¥3 f 02 -> CH300 — Hch + HO ‘?)

(43)  H,CO + hv + H + HCO

(21) H + oé + M > HOO + M

(44) HCO + O

2 7 HOO + CO

(47) 1OO + NO -+ HO + NO2

(h) NO2 + hv » NO + O

(b) -0+ 0, + M + 05 + M

net:'_ZCH4 +’902 -+ H20 + 6HO + 2CO + 3Q3.
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The hydroxyl radicals could‘produce more Hoofend thus 03 via

(46) HO + CO =~ QOZ + H

(21) H+ 0, + M » HOO + M

(47) HOO + NO + HO + NO, -
(h) - NO, + hv » NO + O

(b) - 0O + O2 +_M -+ 93 + M

2 > €Oy + 05

net: CO + 20
On the other hand there is a large 1neff1c1ency (branchlng) in
the steps involving the reactants CH4, CH3, and HZCO.
The formation of ozone from methane can be initiated by

hydroxyl fadicals formed in the photolysis of nitric acid

HNO3 + hv »> HO + N02

in the photolysis of hydxooen peroxide

or in the photolysis of formaldehyde

H,CO + hv H, + CO
0,
- H + HCO — 2HOO + co
"HOO + NO - NO, + HO

These substances, HNO H,O and HZCO, provide delayed sources

3' 272
-of HO_ radicals in the stratosphere.
With consideration to the amplification factor inherent in

the HOO reactions, the incfficiency factor following from branching
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of the organic reactants, aﬁd thé uncertainty of several key‘
rate constants, it can be said that'methanevprobably producesf‘

about two molécule_of’ozone per molecule of‘méthane lost.

62

According to Erhalt and Heidt, the average global production

11 moleculés‘ém-zisec-l.

rate of methane is between (1.5 to 4.7)x10
The average global t-ransport62 to the stratdsphere was estimated

11 2 =1

to be between (0.25 to 0.5)x10" " molecules cm < sec . The average

global rate of production of ozone from the phOtolysiS'of oxygen

11 2 -1

in the stratqspheré is 100x10 molecules cm < sec ~. Thus natural

methane by way~of the diffuse widespread smog reactions may 
produce about 1 to 2 per cent of the stratospheric ozone (assuming

2 ozone molecules are formed for each methane loSt). The rest

11, presumably reacts with hydroxyl

radicals in the tropésphcrcl4 to produce up to (2 to 8)Xl01;

of the methane, (1 to 4)x10

molecules cm-z Sec of ozone in the Atroposphére from the nitrogen
dioxide~-methane smog reactiofi. This amount of ozone is equal to
or larger than the amount transported from ﬁhe stratosphere to the
troposphere (Crutzean), and thus it appears_tﬁét ozone in the
troposphere is not an inert tracer, but it is coupled to an active
chemical source (CH4, NOZ) and sink (NO2 + 03). |

It is well ‘established that the oxides qf nitrogcn cataljtically v
destroy ozone ih the strato#phcre, but the oxidés of nitrogen form
ozone from hydrocarbons near the earth's surface. At wﬁat elevation
is the CrOSSOQGr point separating the zonc ofvozone_formation_and
destruction by the oxides of nitrogen? Orde# of magnitude cdlculaﬁiohs

establish that it is in the lowest stratospherc or upper troposphere
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and that it depends strongly on the concentration of nitrogen

dioxide. The dominant .reactions forming ozone are

(c3) 0. + hv(below 310) + 0. + o(ID).

3 2

(9) o(ln) + M > 0(3p) +'ﬁ'

(18) - o(ID) + H.O-+ 2HO

' 3c 4R N}

HNO

(l) - HO + NO2 3

(36) no + CH4 -+ H20 + CH3‘+* 203 + ..

The rate-determining step is reaction 36. The fastest mode of

destruction of ozone by the oxides of nitrogen at low elevations4c

is

(k) NO2 + O3 -+ NO3 + O2

(2) NO. + hv (red) - NO + O

3 2

- NO, + O

(f) NO + O 2

3 2

nét: 203 + hv (red) - 302

Here reaction k is the rate determining step. The rate of destruction

relative to the rate of formation is

- kk[NO2][O3] _ rate of ozone destruction (3-39)
k36[CH4][HOT' rate of ozone formation )

By making the stcady-statc assumption for O(lD), one finds
) L SR co- L

0. _
1 _ 33105] -
[Q( D)} = E;Tﬁﬁ——- (3-40)
The steady-state for the hydroxyl radical gives
< - 23 2k, o [0, [H, O
(Ho) = —¢c3 18 3 _ 2 (3-41)

kgkl[NozllMI
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Thus the destructlon-formatxon ratlo is 1ndependent of ozone
and glven by |
2
k, X, ky (No, ) , .
N =g [cn Ta - (3-42)
: Jc3*18"36 H,0
At 15 kilometers, 220°K, the various parameters are
jgg = 1.1x107° ay o = 5x1075
| 2 |
C -11 . -6
kg = 4x10 ~° | QCH4 =-1,5x10
o =10 3 poanl2
kig = 2%10 [CH4] = 6x10™°
k, = 3x10712
. -16
kye = 8.7x10
— -18
kk = 10 ©
The déstruction~formation ratio is then
n = [N0,1%/10'8 - (3-43)

AT 15 kllometers, the formation and destructlon of ozone by NO
would be balanced if the concentration of nltrogen dioxide is 109
nmolecules cm 3, that is, for a mole £ractlon of 0. 25 ppb. ‘It is
probable that the background mole fraction of NO is abouL*bne
parts per bllllon at 15 kilometers (Table l—B) and thus the
crossover point is indicated to be below 15 kllometers. There is-
enough uncertalnty in the values of the rate constants and in the-'
con@leteness of the set of reactions cons 1dcred Lhat one should

only say that thc crossover point is very sensitive to the
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concentration of nitrogen dioxide;(varies‘as fNOz]z), and rt
probably occurs in the middle or upper trbposphere.

It has sometlmes been suggested that the hydrocarbons
released by the SST in the stratosphere would undergo the smog .
reactions to restore the ozone destroyed by NO catalysrs, or it
has been suggested that extra hydrocarbons could be vented into
the stratosphere to reform ozone. A simple calculation4c shows
that "if the smog reaction goes with complete efficiency in the
stratosphere, the hydrocarbons that would have to be released
into the stratosphere to mend the catalytic destruction of ozohe
by NO would be about twice as much as the total fuel consumed
by the SST 1tself" Thus it appears highly unllkely that the
ozone depletion can be cured by hydrocarbon releases or by the

‘native methane already in the stratosphere.



IV. STEADY-STATE OZONE PROFILES
A. The Method and Two Examples

The consideration of catalytic ratids‘aﬁa‘oione half
times, Tables 5 and 6 ahd Figure u:,overstate$ the importanée
of the oxldes of nitrogen,. in part because it overlooks one
important bufferlng process. Both 02 and O3 absorb ultrav1olet
‘radiation below 242 nm. When oxygen absorbs such radiation,

ozone is formed

(a)’o2 + hv 0 +0

(b) (0 + 02 + M- 03 + M) Twice

net: 302 + hv » 203
When ozone absorbs such radiatipn, there is no net change in ozone
concentratibn
(c)‘03v+ hv -+ 02 +.q

(b) O + 02 + M~ 03 + M (fast)

net: u.v. radiation -+ heat

Suppqse a large increment of NOx is suddenly introduced at;‘say,
35'kiiometéts. Ozone at 35 kilometers would,bé rapidly redﬁced
to some lower value, and‘some radiation below 242 nm that :
formc:ly was absorbed at 35 kilomcters would now pass to lower
elevatlons in part to be absorbedzzzoﬁev(changc in heat 1nput)
and in part to be absorbed by oxygen, which would gencerate more
ozone at a lower elevation. The new ozone generated at lower

elevations would be less than that destroyed at 35 kilometers,

but even so this is an important, pattial'self-healing mechanism.
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The simplest computatlonal device that will assess the
magnltude of the effect of NO on stratosphcrlc ozone 1nclud1ng
this self heallng, radlatlon transfer mechanism is that of the
photochemlcal steady state in an'assumed statlc atmosphere.4a b
‘The computatlonal procedures for making the steady -state calcula- )

tions are given in appendlx A. The dlfferentlal equatlon for

odd oxygen (essentlally ozone) is

d[Q3J

~dt

chkep[03]2
- - Q
K, MT 0] |

where Q involves small.terms involving excited oxygen reactions,
"water" reactions, and reactions i,-j, k, &, etc; p is the catalytic

ratio, Eq. 3-23. Neglecting the term Q, the steady state for ozone is
] - a [M] . . S :
[O = | ———— [0,] (4-2)
3's _ Jckep 2 I | |

and the half-time to go from zero ozone to one-half the steady

state concentratlon is

- 1
T. = Zn 3 k?[M] 2 ) (4-3)
L1720 4 \J 0ke? ' o _

By multiplying numerator and denominator by'steady state

concentrations, this equation may be modificd to the form:

_ i 1 . .
. 2 2 .
T = ¢n 3 (%b[M][OZ]FO]S) _IO3]S (4-4).
' 4 (JC[O3JS)(Jaiozl)p(kelols[03ls
[0.) . _ ,
~ &n 3 3's - _
 In janzf | (4-5)

since rate b is cqual to ratc ¢ and at the steady state rate ep

is cqual to rate a.
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The pr1nc1pa1 shortcomlng of the steady- state calculation is
that there is a large gradlent in photochemlcal reactlon rates
between the‘top and the bottom of the stratosphere. Photochemlcal
relaxation timés ére fast at the top of the stratosphére and
slow at the-bbttom, relati@e to the time scale of atmospheriq‘
motions. ‘The quantitative aspects of this'problem of time scales
will be given for two particular distributidns of NO_ in the
stratosphere. |

Park ahd.Lon&ngpyoposed two NO# distributions in the
stratosphéré,fonevas a natural background and one aé the
stratosphere might be perturbed by SST opération. Thése
distribdtioﬁs were articulated to the known (Mei;a, 1971) NO
distribution in theymesosphere and to the froposphere. Park and
London's distributionsvof NOx in the stratosphere are given as
Eigure'lZ;apa the steady state ozone profile$~are given in
Figure 13. The steady state ozonec concentrations and photqf
cﬁemical half fimes are given in Table 11. With the natural
background 6f NOx given by Park and Londoﬂ;>the‘hglf—times are
1.3‘years_a£j15 kilometeré and 5 months at 20 kilometers. There
is substantial horizontal transport of ozone_in times as long'as
these,_and there is also some vertical sprcading. Thus photo-
chemical steady-state calculations based the modecl of a static
atmospherc-anzeXpécted to be badly distorted in the lower
- stratosphere. In the niddle and upper stratosphere where
photochcemical relaxation times are a mattéfvbf a few days or
less, the photochemical steady-state calculation should be

quite good. With the NOxhdistribution giveniby Park and London
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TABLE XI

Half-times for ozone photochemistry with NOx distributions

of Park and London28
Elevation km -~ 15 20 25 30 35 40 45
T °K 220 217 222 227 235 250 260

log [M]/cm3 18.60 18.27 17.93 17.58 17.26 16.92 16.60
Natural background

o= [NO_ 1/ [M],

3.00 4.47 5.96 7.94 9.12 10.5 12.9
ppb

[03] units of
102 cm~3

0.49 2.78 4.90 4.87 2,73 0.91 0.28

log j_[0,] 3.51 4.74 5.50 6.07 6.44 6.60 6.59
Ty/2 Sec 4.2(7) 1.8(7) 4.3(6) 1.1(6) 2.8(5) 6.3(4) 2.0(4)
10 A 1.3 yr 6mo 2 mo 13 day 3 day 1 day 6 hr

With SST operation

a ppb | 35 40 45 50 50 50 50
[0,] 0.30  1.65 2.76 2.26 1.07 0.39 0.18
log j_[0,) 4.43  5.55  6.17 6.56  6.73 6.72  6.62
Ty, Sec 3.06(6) 1.28(6) 5.1(5) 1.71(5) 5.5(4) 2.04(4) 1.2(4)

Tl/2 days ' 36 15 6 2 0.6 0.2 0.14
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for SST operations, the photochemiéal half—times are reduced
to 36 days at 15 kilométers’and 15 days at 20'kiiometers.

The‘vértical column of ozone giveh'by the natufal background
of Park andeondon is 0.33 cm (STP) using the‘recent photochemical
constants of Ackermaf3end the chemical constants of Davis,34
Figure 12. The column is 0.28 cm (STP), calculated on the basis
of someWhat-older photochemical aﬁd‘chemical‘constants, summarized
in references'&LGS.For the NOx distribution'baééd.on.SST operation,
the steady-state ozone cblumn is 0.17 cm (hew:photochemical ‘
constants) ana 0.165 cm (old photochemical.cbnstants). The change
in ozone brought about by the SST, according to Park and London's
NOx distribuﬁionsand my steady state calcuiations, is a 40%
reduction based on 1971 photochemical data and a 49% reduction
based on 1972 photochemical constants. Park and London failed

to discover'this enormous effect coming from their own NOx

distributions because they included reaction i

2M0 + 0, > 2NO,

in their reaction scheme with the wrong rate constant; they used

k= 1x107%3

-38

'_cm6 molecule".2 scc-'l instead of fhe correct value
of 4x10 . . VWith this spuriously high rate constant, the following

catalytic cycle generates ozone from NOx at a fast rate

280 + 0, > 2N,

(NO2 + hv » NO + 0) Twice

+ M >0 % M) Twice

(O + o, 3

net£v30

2 T hv =+ 203
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Although stea@y—state ozone profiles are‘undoubtedly
distorted at lower elevations by atmospheric motions, they
are, nevertheless, a valuagle tool in asseésing the first-
order effecté of certain parameters, such as added NOx. A
series of steady-state ozone profiles are gi#en in Figure 14A
for variousbuniform mole fractions of NOX, Zéro,‘l, 3, 10, 30,
and 1oq ppb.. Similarly, Figure 14B shows a series of ozone
profiles for ﬁniform NOx concentrations, zero, 0.3, 1, 3, and
lOXI09 molecules cm-3. In these calculations, correction has
been made for the redistribution of stratospheric radiatipn
for every changeapf any variable. The radiation field is
self—consisteht with the chemical composition deriveq from it.
These profiles show that stratospheric ozone is very sensitive
to oxides of nitrogen at mole fractions above_lxlo_9 or at

concentrations above 1><]__09 molecules cm-3.

B. The Effect of Various, Assumed, Non-Uniform NOx Background

Distributions4a’b

Although the steady-state ozone profiles are expected never
to be precisely correct, because of the effect of air motions,
the stecady-state calculation itself remains a powerful, simple

method for the identification of important variables. If a

perturbation has a very small effect even after the time to
reach the photochemical steady state, then usually it can be
expected to have an even smaller effect in the finite residence

time of gases in given regions of the stratosphere.  On the other
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hand, if_a.éerturbation has a large effectwon the photochemical
stegdy state, then it is an important variéble that must be
examined by methods more realistic than the‘stéédy-state'calculation;
after such a detailed examinatidn, includihg atmospheric motions,
the perturbation may be féhnd to have a large or a small effect.

In order to explore for the impqrtant variables in this
problem, a large number of steady-state calculations were made
for various distributions of NOx in the stfatosphere. The sténdard
conditions were 45° latitude, a stanaard temperature profile, |
and 24 hour average radiation intensity at each kilometer from
15 to 50 kilémeters. Several hundred such calculations were made, .
and the results for 17 examples ére.briefly given here. Non-
uniform NOx profiles are given in Table 12. The profiles are
summarized in terms of five numbers: integrated vertical column
of ozone, N%; maximum concentration of'oéone,sxm; elevation of
the maximum concentratioh of ozone and the ﬁwo elevations where
the ozone céncentration is one-tenth that of the maximum value,
These data afe given ‘in Table 13.

For théiprogression of cases (12-14, 15-17) where iog‘a'
varied linearly With elevation, the ozoné coiﬁmn decreases
strongly with/increasing magnitude of the Qxides of‘nitrogén.

For fixed distributions of NOx in the lower_étratosphcre (174,
5-8, 9-11) the ozone vertical.column changes'ratﬁer‘slowly with
increasing oxides of nitrogen above 30 kiloﬁetérs. These

calculations indicate that the distribution of NOx in thee

stratosphere is as important a variable as the magnitude of

the total burden of NOX.
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Models for NO_ natural background: non-unifdrm'distribution

of oxides of nitrogen in terms of log o, where a = [NOX]/[M]

km 15 20 25 30 35 40 45 50

~A. Irregular distributions of log «
(1) 9.0  -9.0 9.0 8.0 -7.75 -7.50 -7.25 =7.00
(2) -é.o -9.0  -9.0 -8.0 -7.68 47.35 -7.02 ~6.7
(3) -9.0 ~9.0 -9.0 -8.0 -7.60 =7.20 -6.80 -6.4
(4) ~9.0 =9.0 =9.0 -8.0 =7.52 =-7.05 ~6.58 -6.1
(5) ~9.0  -9.0 ' -8.5 =-7.50 -7.38 =7.25 -7.12 =7.00
(6) -9.0  -9.0 =8.5 =7.50 =7.30 -7.10 -6.90 =6.70
(7) -9.0  -9.0 -8.5 =7.50 =7.22 -6.95 -6.76 =6.40
(8) -9.0 -9.0 -8.5 =-7.50 =7.15 -6.80 -6.45 -6.10
(9) -9.0 -9.0 -8.0 -7.00 =-6.92 -6.85 -6.78 =-G.70
(10) -9.0 -9.0 -8.0 -7.00 -6.85 =-6.70 =-6.55 =6.40
(11) -9.0 -9.0 -8.0 =7.00 ~-6.78 <=6.55 -6.32 =6.10
B. Linear variation of log o

(12) -10 -9
(13) -9 -8
(14 -8 -7
(15) -11 -9
(16) -10 -8
(17) -9 -7
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TABLE XIII
_ Ozone vertical column N*, maximum ozone concentration X for
nqn—uniform molg,fraction of Nox, elevationé at 10% points
,10“18Nx ;o'lzxm Elevation (km)
molecules — molecules»cm-3 AXﬁ X/ 10

A. Irregular fractions of NO_ as given in Table 12
Number
(1) 9.14 7.01 27 18 41
(2) 9.13 7.13 27 18 40
(3) 9,12 | v . 7.25 27 18 40
4 e 7.36 - 27 18 39
(5) '8.28 6.94 26 18 40
(6) v .8.28 : 7.05 26 18 39
(7) 8.27 7.15 26 18 38
(8)  8.26 7.29 27 18 38
(9) 7.44 6.57 25 17 38
(10) 7.43 6.64 25 17 37
(11) 7.43 6.70 _ 25 17 36
B. Linear variation with elevation of log a between iS to 50 km |
(12) - 10.88 6.60 30 17 44 |
(13) 8.90 5.94 30 18 44
(14) : 5.61 4.04 '36 , 18 _-42
(15) 11.59 669 20 16 44
(16) -~ 10.58 6.51 30 17 44

(17) 8.00 5.61 30 18 42
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C. The Effect of Various Modes of Distribution of NOx from

SST Exhausti2sP

If 500 American SST flew 7 hours per day at 20 kilometers
elevatiqn,,the‘exhaust gases would be laid down as relatively
narrow wakes in an irregqular criss-cross pattern oVer the world.
These wakes are expected rapidly to be transported and mixed
in horizontal directions, to be slowly mixed in vertical directions,
and to be bodily reméved from the stratoéphere through the spring
"polar overturns".and through breaksvin the tropopause over
temperateriones. If the horizontal mixing is slow compared to
the mean stratospheric residence time, one would expect local
maximum of exhéust concentrations much higher than the global
average; the SCEP report recommended considefation of a local
maximum of up to 10 times the world-wide average (also this factor
of 10 had some aspects of a safety factor). If the verticél
mixing is slow compared to the horizontal "sweep-out" processes,
then the average thickness of the layer ofAexhaust gases would
be quite nafrow.

How impértant is it whether the exhaust gases are constrained
vertically or horizontally? |

The fuli answer to this question requifés simultaneousf .
solution.of 511 the problems of atmospheric notions in 3 dimensions,
all of the photochemistry, and all energy balénces, including

radiation at all wave lengths. It may requiré 10 years oxr much

lJonger for this total problem to be solved.
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An approximate, semi~quantitativc answer‘to this question
can easily be provided by a few siﬁple steady-state caléulafions.
Each of the firét eleveg nén-uniform distributions in Table 12
was taken as a natural NO, background. Thé steady state (eéual
to 2 yéar input) accumulatipn of-NOx from SST operétion
(4.5X1034 molecules) was distributed in a number of arbitrary
manners, but these distributions were selectea so as to imitate
the effect of restricted Vertical spread or restricted horizontal
spread of the exhaust. For one set of calculations, the exhéust
was distributed uniformly ail over the world (maximum hoiizontal
spreéd, zero horizontal constraint), and it:was assigned variou§
uniform thicknessés: 20 to 21 km (maximum vertical constraint),
19 to 23_km; 18 to 25 km, 17 to 27 km, 16 to 29 km, and 15 to 31 km
(Successively less-and less vertical constraint). The ozoné
vertical qolumns, relative to that for no artificial NQX, are
‘given for éach degrée of vertical spread in Table 14A. The 11
background distributions ;epresent widely different totai NOx,
but results are remarkably similar for the lifcases. When the
world-wide spread is only one kilometer thick, ﬁhe ozone column
is reduced to 96 to 98 per cent of its background value. Consider
entxy 5 for-discussion; the per cent reductioﬁ of the ozone column
increases with increasing vertical spread of .the fixed amount of
Nox: 3%, 12%, 19%, 23%, 21%, and 20%. The reduction of ozone
is a maximuﬁ with a 10 kilometer vertical spread, and it decreases
vwith further vertical dilution. All 11 casdé'show very nearly
parallel behavior. The highly vertically constrained (20 to 21
km) exhauét'gascs "overkills" the ozone in its shell, but relatively

little of the total vertical column of ozone is contacted by the
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Two year burden of SST exhaﬁst spread in a world-wide uniform
shell to various thicknesses about the injection level at 20

km for the eleven non-uniform distributions of NO, as given
by Table 12 '

O, column in units of 1018 mblecules/crn2

Number none  20-21  19-23  18-25 17-27 16-29 15-31
(1) N 9.14 8.95 8.27 7.50 7.02 6.95 7.07
) 100 98 91 82 77 76 77

(2) N 9.13 8.94 8.26 7.48 7.00 6.93 7.05
$ 100 98 90 82 77 76 77

(3) N 9.12 8.93 8.24  7.46 6.98  6.91 7.04
1 100 98 90 82 77 76 77

(4) N 9.11  8.92 8.23  7.44 6.96 6.90 7.02
% 100 98 90 82 76 76 77

(5) N 8.28  8.05 7.31 6.67 6.40 6.51 6.65
% 100 97 - 88 81 77 79 80

(6) N 8.28  8.04 7.30 6.65 6.40 6.50 6.65
% 100 97 88 80 77 78 80

(7) N 8.27 8.03 7.29 6.64 6.41 6.49 6.65
2 100 97 88 80 78 79 80

(8) N 8.26 8.03 7.28 6.63 6.39 6.48 6.64
% 100 96 88 80 77 78 80

(9) N 7.44  7.15 6.32 5.88 5.86 5.99 6.13
% 100 96 85 79 79 81 82

(10) N 7.43  7.15 G.31 5.87 5.85 5.98 6.12
g 100 96 85 79 79 81 82
(11) N 7.43 7.14 6.31 5.87 5.84 5.97 6.12
$ 100 96 85 79 79 80 82
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artificial NOX. The minimally vertically congtraincd NOx is so
dilute that its effect is less than that of the intermediaté
case, a vertical Spréad of about 10 kilometers.

The efféét of both horizontal and vertical constraints is
given by Table 14B. A lp fold "local ﬁaximum"‘or horizontal
constraint gives only a small (2 to 4%) reduction of the ozone
column if there is also maximum vertical constraint. The maximum
reduction of ozone, occurring with a vertical spread of 16
kilometers, represents a reduction of ozone between 48 and 52%.

These calculations (steady-state, assumed natural backgrounds,
arbitrary uniform thicknesses of spread) clearly show that the

distribution of SST exhaust in the stratosphere is an important

variable in this pfoblem, every bit as important as the amount

of NO from the-exhaust.' For a fixed number (4.5X1034),0f NO_
molecules, the reducﬁion of the ozone column at a given location
is only 3% with a highly constrained vertical distribution, but

it is a 50% ozone reduction with a highly constrained horizontal
distribution. Each of these highly constrained distributions
appears much, less probable than a wide range intermediate cases
(vertical spread of several kilometers, horizontal contraint no
more than a factor_of two), for whiéh the calculated ozone reduction
is 20+10%.

| The qualitative conclusions of this section are regarded as
firm: the distribution (vertical and horizontal) of exhaust gases
from the SST is an essential factor in this problem. The

qguantitative conclusions arc merely the first approximation,



TABLE XIV-B

Local maximum of Nox-is’assumed to be ten times as high as

that for A
) . 18 2
O, column in units of 10~ ", molecules/cm
Number none  20-21 19-23 18-25 17-27 16-29 15-31
(1) N 9.14 8.94 8.12 6.97 5.79 4,91 4.49
$ 100 -98 7 89 76 63 54 49
(2) N 9.13-. 8.93 8.11  6.95 5.75 4.86 4.44
$ 100 98 89 76 63 53 49
(3) N 9.12 8.92 8.09 6.93 5.72 4.81 4.38
% 100 98 89 76 63 53 48
(4) N 9.11 - 8.91 8.08 6.91 5.69 4.76 4,34
$ 100 98 89 76 63 52 48
(5) N 8.28 8.03 7.10 5.95 4.89 4,31 4.16
% 100 97 86 72 58 52 50
(6) N 8.28 8.03 7.09 5.93 4,86 4.26 4,12
g 100 97 86 72 59 52 50
(7) N 8.27 8.02 7.08 5.91 4.83 4,22 4.08
% 100 97 86 71 58 51 49
(8) N 8.26 8.01 7.07 5.90 4.80 4.18 4.05
% 100 97 86 71 58 51 49
- (9) N 7.44 7.13 6.03 4.95 4.15 3.84 3.86
3 100 96 81 67 56 52 52
(10) N 7.43  7.13 6.02 4.93 4,13 3.82 3.84
% 100 96 81 66 56 51 52
(11) N 7.43 7.13 6.02 4,92 4.11 3.80 3.82
) 100 96 81 55 51 52

66
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subject to revision (up or down)'as quantitative considerations
of atmospheric motions ére brought to bear on the problem.

The role of atmospheric motions is crucial in shaping the
distributioﬁ of.background and artificial oxides of niﬁrogen
in the stratosphere. Crutzen3c has found that some modes of
atmospheric moﬁion result in much more severe lowering of ozone

by NO, than static models, but it-is to be expected that the

opposite'effect will apply to some situations.
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V. INSTANTANEOUS GLOBAL REACTION RATES®®

This section doeé not use the steady-sﬁate method for ozone,
The ehlylpart of this article that uses the steady-state method
for ozone is Section IV above. This section is complementary
to Section II, which made maximum use of chemistry and minimﬁm
use of the structure of the stratosphere.  This section also makes
ma#imum use of chemistry, but it also makesuheavy use of the
detailed, obsexrved compositioh of the stratosphere. In this
section, worid wide reaction rates are calculated for onevsecond
of time, starting with the observed atmosphere and incoming solar
flux. The distribution of atmospheric species cannotvbe perturbed
very much by atmospheric motidns in one second. Thus this approach
is an effort to say something meaningful about world-wide photo-
chemical balances without having to work out the vast complexities
of the detailed motions nor does it neglect these motions. The
global stratosphere as it now exists was produced by coupled
atmospheric motions,; photochemistry, and rediation balance. This

analysis takes the atmoSphere‘as it exists and asks about the

instantanecous rates of the various elementary reactions and about
certain rates of-atmosphefic transport.x |

The world-wide average transport of ezone from the
stratospherc to the troposphere has been estimated by several

67,068

authors, and the upper limit of thesc estimates is about

2 | - . .
5x10 J molecules sec 1 for the averagc world-wide vertical
turbulent diffusion, including the "spring overturn" in polar
regions. Horizontal motions inside the stratosphere are very much

greater than the motions leading to these vertical losses. Both
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horizontal and vértiCal motiqns-distort the steady-state calculations.
It was desired to find a method of computation that would help
identify the important.phétochemical variableé in the stratosphere
which would not be distorted by the extensive;vcémplicated,

; difficultly analyzed horizontal motions. The scheme is as follows:-
Start with the actual, measﬁred, avérage distribution of ozone
(Figure 5, for example) in the atmosphere. Set up‘an extensive
grid all over the globe (every 5° latitude, every 15°‘longitude;
and every kilometer from zero to 50, which gi#es 43,200 volume
elements). Let a planar wave of sunlight impinge on the spherical
earth. Calculate the radiation density for each nanometer of solar
radiation above 190 nm in each of the vélume elements, taking
account of ali absoxrbing species in the light path before it
reaches the volume element. Calculate steady-state concentrations
of oxygen atoms (Figures 6, 7, and 8) and the steady-state ratio of
NO to NO,. In this way, the radiation intensity as a function

of wave length and the local concentrations of 0,, O3 O(BP, O(ID):

NO, and NO. are known quantities. Then calculate the instantaneous

2
reaction rate$ for the separable, elementary reactions

(a) oz+hv»o+o'

(b) O0+0, +M~>»>0, + M

2 3

(c) _O3 + hv - O2 + 0

(e) o + O3 -+ O2 + 0,

(f) NO + O3 > NO2 + O2

(g) NO, + O » NO + O,

(h) NO2 + hv = NO + O

1l
(15) O( D) + 03 02 + 02,
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in units of molecules cm"3 sec"l in all of thé'volume elements.
Carry out a zonal average (that is, average the rates all around
the globe for each 5° band of latitude at cach elcvation) of

all the rates. Present thé instantaneous rates and certain sums
and differences of them as'contour lines on the zonal average
maps. This procedure was carried out for two‘global situations,
January 15 and March 22. These are referred to as the "winter-
summer" and "spring-fall" conditions.

The zonal averaged instantaneous rate of oxygen photolyses

for January 15 is given by Figure 15. This figure may be interpreted

as the "gross rate of ozone formation"if the rate is multiplied
py two. Fer Figure 5 it can be seen thatYOZone concentrations
are 1012 or somewhat more in the lower stratosphere. There are
BXI07 secoﬁds per year, and thus a rate of 3x104.molecules cm
sec“1 would just produce 1012 molecules cm-3 in a year if there
were no loss processes. There are large zones in the upper
temperate and polar regions where the concentration of ozone
greatly excecds 1012 (Figure 5) and wherelthe local production
-of ozone (Figure 15) is far less than BXl04 molecules sec—l; This
discrecpancy is explained in terms of massive transport of "clouds
of ozone" from the fbrmation region (Rate a 105 greater) downward
and polewafd.l] |
The instantaneous rate of photolyses of ozone is given for
~winter-summer in Figure 16. Except in and near the region of polar

night, this rate is surprisingly uniform all over the stratosphere.

The rate of destruction of ozone by the Chapman mechanism
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(0 + O3 + 02‘+ 02) is given by Figure 17 for the winter-summer

situation.
For each volume element (A8 =5°, A¢=15°, AQ =1 km) the net

rate of change of odd oxygen (ozone) is

d(10,1+[01)
at -

= 2ja[02] - chemical loss - transport loss (5-1)

The loss by transport can be either positive or negative for any
given volume element. The integral of this rate over the entire

stratosphere may be interpreted as

Global rate chemical transport to
, . = 2 f rate a - -
of ozone 1increase loss troposphere

- . (5_2)

The.global ozone inventory is known as a function of time of year
from the integral.over.a series of data suéh'asVFigure 5. The
average rate of transport of ozone to the troposphere is known,
as discussed ébove. The total rate of reaction a is readily found

by integrating data such as Figure 15 over the entire stratosphere,

and the vaiue is 500><1O29

molecules ozone produced per second,
Thus one is éblé, by difference, to evaluate any model for

"chemical loss" of ozone in the stratosphere. 1In particular, this

approach gets around the very compliéated problem of transport
inside the stratospherg; all motions of ozone between one part
of the stratdspherehand another give a net change of zero to
the instantaneous, globally ihtegrated rates.

First, this method is usecd to see ifvthe Chapman reactions
alone, a, R! c, and e, are adequate to expléin the éhemical loss

of ozone. The zonal averagc map for the net formation of ozone
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=.23_[0,] - Zke[O][03] o - '(5—3)

is given as Figﬁres 18 ahd 19. Where this Qigure is positive,
ozone is being formed faster than it is being destroyed by the
Chapman ieaction_g. This éuantity is posifiVe for most of the
stratosphere. The integral of this quantity over the entire global
stratosphere is 414Xl029 molecules ozone sec;l. The transport of

ozone to the troposphere is equal to or less than SXlO29

molecules sec-l. If all chemical destruction of ozone is by the
Chapman reactions, then the change of global ozoné should be about
4OQXl020 molecules sec-l. The integrated gicbal inventory of ozone
as a function_of month of year.is_given by Figure 20, and the
vectors at'danuary 15 and March 15 give the calculated rate of
increase of global ozone on the basis of the Chapman reactions,

the integraifover Figure 18. The discrepancy between the slope

of the vectors and the slope of the global ozone inventory is
enormous. The intcgrated, instantaneous, global, gross rate of

29

formation of ozone (2ja[02]) is 500%x10°7; twice Rate e is

86X1029

. Thﬁs the Chapman model removes ozone by .one-fifth as
fast as it is formed. This five-fold discrepancy is a world-wide
average, and the same discrepancy is found At every season
(spring, summer, fall, or winter). As a chemist fairly familiar
with the literaturc‘of this field, I regard-it is very unlikely
that this discrepancy can be explained in terms of uncertainties
in the values of the rate constants for the Chapman reactions.

It is concluded therefore that some chemical process other than
the Chapman reactions is very active in déstroying stratospheric

ozone,
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Brewer and wi_lson67 carried out an anqusis similar to that
given above, except fhey had not gquite so finé a grid and they
were less sufe of their rate.cohstants. They attempted, unéuccess-
fully, to explain the diScrepancy in terms of errors in the
Chapman rate constants, errors in the intensity of the solar
ultraviolet rédiation, and in terms of the "water reactions".
The "water reactions" have been discussed in an earlier section,
and it can be said that they are quite inadequate to explain the
discrepancy between the instantanecous rate of formation ofvozone

and.the rate of destruction of oione.

Following the evidence of Figures 8, 10, 11, and 12, we
turn now to the question of how much oxides of nitrogen in the
natural stratosphere would be required to remove the discrepapcy_
between the rate of formation and destruction of ozone. It is
desirable to have a simple, one-dimensional variation function.
Maps such as Figure 19 wcre'prepared and inﬁegrated for various
assumed concéntratibns of NOX, uniform from 15 to 50 kilometers
and uniform with latitude and longitude (It is recognized, of
course, that such a uniform distribution is not "realistic",
but these calculations are made to see what order of magnitude
of NO is required and to see what other effects NO_ would have
on maps such as Figure 19). As expccted, the.addition of NOx
incrcases the rate of ozone destruction. _ A uniform
éoncentratioh of 4.2XI09 for spring-fall and 4.4><109 molecules
cm'-3 for winter-summer reduces the unbalanéed_rate of ozone
production doWn to the rate of transport from‘stratosphere to
troposphcré. Atrconcentrations of:‘NOx grcatcy than 4.2X109.

global ozone is destroyed faster than it is formed; and thus
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the global ozone inVentory would decrease. At about 8.4x109

molecules cm"3 of NQX, the vectors in Figdre‘ZO have about the
same magnitude, but they point down instead of up, indicating a .
very strong decrease in the globai ozone inventbry.

Now it is of interest to see what the detailed effects -
(all over the globe) are of the assumed uniform concentration
of NOx thét balance the global-ozone rate. For this purpose,

define the "odd oxygen ratio"

. rate of odd oxygen production : (5-4)
Y rate of odd oxygen destruction

23,10,1 + 3, [NO,)
2K [0110,] K [NOT[0,] + K_T0] (WO,

This expression, Yy, is greater than one if ozbne (odd oxygen) is
locally, photochemically produced faster than it is destroyed.
Conversely it is less than one if ozﬁne is destroyed chemically
faster than it is being made. _It is precisely one at the photo-
chemical steady state. Figure 21 gives the map of the odd oxygen
ratio for the‘Chapman reactions. There is large region in the lower,
tropical stratosphere where ozone is produced more than 1000 times
faster than it is destroyed and the positive:fegion embraces most

-

of the stratosphere. The odd oxygen ratio for the case of [NOX] =

4.ZXI09 molecules cm_3 (the value that achieves an integtated
glqbal balance) is given by Figure 22. Most of the stratosphere
is brought close to instantaneous iocal balance. Whereas the
Chapman reactions alone had odd oxygen ratios higher than 1000,.
the added Nox}has leveled 'out to 1.0:0.2 for most of the

stratospherc and to 1.0+0.4 for all of the stratosphecre.
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‘The uniform éoncentration of oxides of nitrogen at 4.2><109
mdlecules_cm_-3 brings about a global balance between the

instantaneous production of ozone and its destruction by all

processes, - The instantaneous global rates of the indiyiddal

-

reactions . are givén as follows: NO + O3 + N02'+ 02, Figure 23;

NO, + hv = NO + O, Figure 24; and NO, + O + NO + O,, Figure 25.

2 2'
The conclusion at this section is that the Chapman reactions

2

alone are grossly uhable to explain the ozone balance in the

stratosphere. Some other chemical agent is very active in

9

destroying ozone in the stratosphere. About 4.2x10° molecules

em™3 of NO  are sufficient to remove the global disbalance and

to smooth out local, anomalous, unbalanced rates (compare ref.

3a).
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VI. COMPARISON OF NATURAL AND ARTIFICIAL SOURCE STRENGTHS OF

NO_ IN THE srrarospupre drerf

In section II it was shown that the oxides of nitrogen are
very powerful catalysts fq; the destruction of ozone under
stratospheric conditions. 1In section III it was shown that the
total vertical column of ozone in the stratosphere is sensitive
to NOx at one part per billion or more, and a major reduction is
to be expected if NOx is as much as 10 ppb{ In section IV it was
shown that the existing ozone distribution in £he stratosphere
requires some powerful\chemical inhibitor of ozone, and the only
agent known capable of this action_is nitric oxide and nitrogen
dioxide. ~ On a world-wide basis, ozone is destroyed by NOx about
four times faster than by all other mechanisms put together. Since
stratospheric ozone varies as the square root of the destruction
rate, global ozone is now a factor of two less than it would be
if there were no oxides of nitrogen in the stratosphere.

Supersonic transport planes fly in the stratosphere and emit
oxidés of nitrogen from their exhaust. One asks how much the
| natural NOx'ievel of the stratosphere would be increased by full
scale operation of a fleet of SST. This question is a difficult
one. The exhaust would be laid down in a long thin ribbon at the
cruise height, it would be strongly transpértéd by horizontal
winds, it would be slowly shifted by vertical components of wind,
it would bé subject to large horizontal and weak vertical
turbulence, and it would eventually be removed from the stratosphere.

The removal processes include vertical eddy diffusion to the top
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of the stratospherezwhere-NO is photodissociaﬁééﬂb to.N and_NO,
vertical diffusion to the bottom of the stratosphere where.‘”
(largély in the form of nitric acid) it would be removed by"
rain—out in the troposphere, it would be swept out by horizontal
motions (with small vertical cpmponents) through breaké in the
tropopause in temperate and polar regions,'and it.would be reieased
by the "spring overturn® in polar regions. While in the stratosphere
the NO is converted to NOx every night and photochemically ;eformed
every day. 'Durihg the night about 5 per cent of the nitrogeh'
dioxide is_cénverted to dinitrogen pentoxide (N,0c) . which is
largely photolyzed again the next day. :Also;_NZOS may react with
water on the surface of particulate matter.tp form nitric acid.
Hydroxyl radicals produced during the day mostly add to nitrogen
dioxide to produce nitric acid, add to nitric oxide to produce
nitrous acid, or abstract a hydrogen atom_ffom nitric or.nitrous
acid to reform the active oxides'éf nitrogen and water. The

nitric acid diffuées down to be removed as rain in the troposphere, .
and it diffuses up to be photolyged back to NOZ.- Throughout these
complicatéd chemicél reactions, the oxides of nitrogen move very
extensive1y under the influence of horizontal winds. . The net
burden and ﬂistributioh of NO, from the SST in the Straﬁosphe:e,
subject to all_thesc chemical and meteorological complexities, are
very complex problems. It may take 10 years of concentrated

effort by'chcmists and meteorologists to solve this extremely
difficdlt pfoblem, althbugh certain large aspects of the problem

may be cleared up in two years.69
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It is not neceésary to solve this extremely difficult .

problem to get a good insight into the magnitude of the threat

of the SST to stratospherié ozone. Both the natural and - .

the artificial (SST) source strengths of Nox,in the stratosphere.
are fairly well known, Tables 1A and 2. On a global basis, the
natural sources of NO in the stratosphere is from the reaction

O(lD) + NZO + 2NO at 25#5 km, and it is estimated to be

Natural 2
source = (0.35 to 1.5)x10% Molecules ,g,,418 cm

‘ : 2 world
of NO cm™ sec

26 molecules

(L.8 to 7.5)x10 soc

On a global basis the artificial source strength of NO from 500

SST can be calculated from Table 2

Artificial » L
source of = 500 SSTx7 hrdgllghtx 1 daz
NO . Y 8.6 10  sec

1b fuel 'x 0.15 1b NO

x132000 H;*fiYaﬁf 1b fuel

g ,1 moles 23 molecule ' .
X452 9 *35 —q *6x10 mole

7'.3)(1026 molcculgs
sec

Thus 500 American SST as conceived in 1971 would constitute a
source of NO at 20 km equal to or several times greater than
the natural flux of NO 500 Concordes30 would emit about

one-third as much NO at elevations between.)l7 and 19 km.
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The hatgrai flux of NO from NZO is subject to all of the
complexities of stratospheric motions‘and ﬁhdtdchemistry, iﬁcluding
the formation and destruction of nitric acid. In spite of all these
complexities, the natural NO* reduces global.dzoneiby about a
factor of two below the vaiue it would have in the absence of Nox.
Addition of 500 SST to the stratosphere would double or more the
source Strengfh of NO in the stratosphere, and it then faces all
of.the complexities of the stratosphere (motions, minor species,
HNO3, etcf)‘jﬁst like the natural Nox. Unlesé positive evidence
is developed to the contrary, one should assume  that the artificial
NOx would play a role similar to the natural NOx in the stratosphere,
namely, it would reduce ozdne by a large amount.

it is possible that the distribution of NOx from SST flying

at 20 km will be different from the natural distribution of NO_
from Nzo formed at 25+5 km. The effect of NOx on ozone is strongly
affected by the distribution of NOX, not jUst the amount. It is
not clear, however, whether this different distribution of
artificial Nox'would_reduce ozone more or less than an equal amount
of natural NOX.

In sﬁmmaxy, the oxides of nitrogen now éppear to‘be (by far)
the most impoftant ingredient in the natural balance of ozonc,
and 500 SST promise to double or more the present source of NOy

in the stratosphere.



VII. CONCLUSIONS AND COMPARISONS WITH OTHER STUDIES

The conclusions to my principal 1971 repbrt are quoted

in full here (reference 4a, pp. 105-106, 114):

"Conclusions

‘"(i) If NO and NO2, as such, build up in the
stratosphere to the expected [SCEP, 1970; ref. 2;
Park and London,_197l, ref. 28) concentrations
from SST operation, the ozone shield would be
reduced by a large amount, about a factor of two.

“(2) If NO and NO2 are converted to HNO3
(or other inert molecules) at a rate féstér than
isvindicated by present knowledge, then the
effect of NO from SST exhaust would bevless
than expected in (1) above. The chemistry of the
stratosphere is sufficiently complicated that one
should look for new, unexpected chemica1 reactions.

"(3) A large reduction in stratospheric ozone
would be expected to change the temperature,
structﬁrc, and dynamics of the stratosphere, which
may modify the quantitative aspects Of'cdnclusion
(1). These effects are outside the scbpe of this
report, - |

"(4) In the reduction of ozone,; the oxides of
nitrogen at low concentrations exhibit é;threshhold
effcct).and at high concentrations the oxides of

- nitrogen reduce ozone according to the square root

- of NO .
x ‘4‘
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"(5) Transport by air motions has®a
major effect in the shaping the vertical |
profile of ozone in the lower half of the -
stratosphere; the catalytic chemical action of

NO in destroylng ozone is a large effect under all
condltions of temperature, pressure, composition,
and radiation distribution in the lower half of the
stratosphere.‘ Transport by air motions is an action
that moves the large catalytic effect of NO from
one part of the world to another, but 1t does not
cancel this strong catalytic effect.

"(6)v In the present stratosphere, ox1des of
nitrogen act to limit the concentration and partly
to shape the distribution of ozone; the indicated

-3 at 20 km

mole fraction of NO_ is about 10
increasing to substantially higher values at
higher]eleVations.

-"(7) At all levels of_the'stratosphere water
vapor has less effect on ozone than theveffect of
natural NQx on ozone. The most important effect
on ozone by water in the stratosphere is its_role
in converting NO2 to HNO3, not the role of its free
radicals (HOX) in directly destroying ozone. NOx
from SST is a much more serious threat than water
vapor with respect to reducing the ozone shield.

"(8) Further experimental studies, especially
chemical analyses in the stratosphere and photo-
chemical and kinetic studies in the laboratory

are needed to clear up the uncertainties under

(2) above.
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"(9) Quantitative physiological studies_should
be made of what would_héppén to plants,-animals, and )
people if the ozone shield should be reduced bY‘various
amounts up to a full tenfold reduction.

" (10) Even though it mﬁy be tooA§Omplicated for
a complete theoretical treatment,lthe stratosphere
is vulnerable to added oxides of nitrogeh,_and
forethought should be given to this hazard before
the stiatosphere is subjected to heavy use.

"The point of'this report is no£ to assert
that SST flights will reduce the ozone shield
by some precise factor; rather the point is that
NO,, is‘a highly important variable in this problem

and it must be given realistic consideration."

To date (August, 1972) no articles have been published that
contradict or substantially alter any of the conclusions quoted

above or the detailed chemical grguments‘la'd

upon which they are
based. Several recent articles or reports on this subject will
be briefly réviewed:

The Australian Acadcmy of ScicnceBo'in,a special report
"Atmospheric_Effocts of Supersonic Aircraft" ihcluded the following
statements in its conclusions and recommendations: "...The
aircraft industry should take all possible steps to minimize
nitrogen oxide eﬁission from engines". [compare with SCEP (1970)
"...NOX...may be neglected"] "...the possiBility of deleterious

changes cannot be;totally dismissed...". " However, this committece's
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first statement of conclusion was: "On the basis of the data
available to us Qe would not ekpect significaht adverse‘climatic
effects to derive from'supersonic aircraft assumed by us to be
flying in 1985". I have discussed this report in an article in‘
Search.4ev.In the same issue of Search,70 there are several
— o —r :

quotations adverse to my case, although these quotations include
a certain amount of persbnal feelings and hearsay.

The Department of Commerce Panel on Supérsonic Transport
Environmental Research29 "concludes £hat in certain critical
areas of information, reliable data aré lacking and further;
directed, mission-oriented research must be performed in order
to provide a baéis for decision making". The Department of
Transportatipn under its Climaﬁic Impact Assessment Program69
has initiated a broad program of research ﬁhat more or'less
parallels the general recommendations.of this panel. An insight
into the detailed thinking of this panel is given by the guotation
"...it was felt that the most importanf uncértainty associated with
the environmental consequences of SST operation was that of the
currently existing concentration bf NO..."

A.A. wQstenberg71 was among the_first to point out the effect
of the oxidés of nitrogcﬁ on ozone under stratospheric conditions.
He stated: "A strongly catalygic effect‘of'NOx in reduciné O3 is
indicated...Thé possible effects of the artificial addition of
NOx (as by. large scale SST operations) is considered, and it is
emphasizcd that the relative importance ofvthis is crucially

dependent on the amount of NOx alrcady present naturally".
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a,b

“P. Crutzen has published technical articiés3 on this

subject and one géneral3c article S$ST's-A Thrcat to the Earth's

Ozone Shield, which includes the statement: "Although it is

not possible to assess at this stage the real environmental ( s
consequences of future supersonic air transpoyt, present knowledge |
indicates that there exists a real possibility of serious decreases
in the étmospheric ozone shield dge,to the‘catalytic aétion of

the oxides of nitrogen, emitted from supersonic aircraft".

E. Hesstvedt72 carried out ¢alculations of the gffect of NOx : ;
on stratoépheric ozone, including atmospherickmotions. Assuming
a uniform background of 10 ppb of NOx he found that doubling the
oxidés of nitrogen would decrease the verticél column of ozone
by 18 per cent. For a factor of 2 increase above the same
background of NOX, a steady—statg calculation with a static
atmosphere gives a decrease of ozone by 20 per cent (Figure 9,
ref. 4a; Figure 6, curve A, ref., 4c). Thiéwcbmputation with
atmospheric motions and global circulation gives very nearly the
same ozone reduction as the static model.

An ad hqc panel of the U.S. National Academy of Sciencés,
National Reseafch Council underx the Chairmanship‘of Herbert
Friedman reviewed the work of references 3a and 4a,b of this

article.7l

The report of this panel included the statement: "There
was general agreement with the conclusions of Johnston and Crutzen
‘that the introduction of nitrogen oxides from SST exhausts in the

stratosphere can have important effects on the ozone concentration..."

The report then reviewed some of the uncertainties in the field
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and made recommendations for research in several areas. It
stated: ".;.the possibility of sérious effects on the normal
ozone content cannot be dismissed".

AIn March 1971 the conpensusl'z'of atmospheric scientists
and SST planners was that the oxides of nitrogen in the
stratosphere "...may be neglected".2 In August 1972 the

29l30'69'7?'73

concensus of the same group is that "...NOx

is a highly important'variable in this problem and it must be

18 My detailed calculations?@sPrd

given realistic consideration",
were designed only to convince people that NO# is an important
variable; they never pretended to be the required "realistic
consideration". My calculated ozone reduction (3 to 50 per cent
for 500 American SST, depending on atmospheric motions and
distributioné of NOX) was an unexaggerated statement of the
possible effects within the range of uncertéinty. In view of the
"fealistic consideration" being given to the NOx prob_lem,69 I
regard the COntention of the 1971'articles4a’b'3a’b already to

have been generally accepted.
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Appendix A

Computational Procedure for Steady-State Ozone Profiles

The differential equations were set up for the full set

of reactions'E through %. - The steady—staté relation for NO3

immediately reduces the set from 12 to 11 reactions, since k
during the day is very rapidly followed by 2. The steady-state

assumption for the oxides of nitrogen

d[No,]
T dt

-~
~

gives the relation between NO, NO and NOx as a function of o,

2'
02, 03, M and the rate constants. The steady-state assumption

for the following difference

al03) g0 , AWO)

dt T T4t dt

gives an expression for the concentration of oxygen atoms. The

steady-state assumption for the following sum

a[0,) a(no, ]
3’ ., aiol , 2! .

dat dat T dc

gives an expression for the steady-state concentration of ozohe.
The expressions are rather complicated, but they are readily
factored into the dominant terms multiplied by a sum of dimension-
less ratios. 1In this form the equations are set up for efficient
and rapid solution by a process of successive approximations;

To avoid an undue accumulation of symbols;‘I make the

following definitions: X = [0,], ¥ = [0}, z = [0,], V = [NO,],
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= [NO], M = [M], a = mole fraction of NQx = [NOx]/[M];
A= ja[OZ]IB = kb[M] [02]l C = _JC' D = kd[M]' E.= ].cel F = kfl
G =-kg, H = Jh; I = ki[02],'J = kj[M], K = kk‘ The zero
approximation is
x, = (as/ce) /2
Yo = XOC/B
: (A-1)
v0 = aMFXO/ {Fx°+ (G+J) YO+H]
W =aM - V_
0 : o
The expression for the general iteration is
1/2
- Iwnz DY Iwm2 W ) ,
_‘l_+.A._l+B+BYn+B R
Xn+l = Xo 1+ .GV.n +. DYn +"KVn 1+ A . an'+ KVn
EXn Exn EYn CXp an C ]
HV KV
A n n
c (l+cx tox Y c)
Ynel T Xn B DY IW T 9W_ (A-2)
1+ B + 57 + 5
n
. 21w JY_
aMFX LY s * wx
v = n . n n .
n+1l FX + (G+J)Y_ + H + 2IW
n n n
Wotr = @M = Vi,

Thermal rate constants were evaluated at each kilometer

of the stratosphere at its standard tempcrature and pressure.




102

The rate constant ja_for photolysis of Oz‘is a summation
over wave length of the quantum yield Q, the absorption cross
section o (L = L, exp - ON, where N is totél number of molecules

in the path) and the flux of radiation L (photons/cm2~se¢) where

34 (8) =§;om o(A) L(S,A) (A-3)

where_s is elevation above sea level. ’The'radiation flux may
be examined for a particular soiar angle or‘averaged over solar
angles of the day at one location and season. ' The constants ;
jc for 03'ana jh for NO2 are similar in naturé. The rate
constants ja' jc' and jh are calculated he:e direcgly from
modern values of incoming solar radiation and absorptioh_

0] and NO..

3 2
The solar radiation at the top of the atmosphere was obtained

cross sections for o

from Ackerman v v i

L, = LO(R) ' . (A-4)

Radiation flux in photons/cmz—sec—nm were used for each nm between
190 and 400 nm. The solar flux at wave leﬁgth A, elevation S,

and solar zenith angle ¢ is

= 1 ) —_ +4- B ~ ~ —
L(A,S,¢) L exp (oxNx OZNZ ova)sccant¢ (A-5)

where N is the vertical column of a species above elcvation S

. . ' 2 . '
in units of molecules/cm”™. - The cosine of the solar angle 1is

cos¢ = cosAcosOcosA + sinAsinA | : (A-6)



&

en

L} Ooad § L e ) iq}

- 103
where A is the latitude on the eapth, 8 is thé local solar angle
where 0 = 0 corresponds to'localvsolar noon, and A is the solar
declination. The 24 hour average intensitY-fTTTEY is found for
a given latitude by summing Eq. (A-5) o§er-evéry 5 degrees of

-

solar angle

LZA,S; =ZL()‘ISI¢) R (A-7)

in increments of 5° each

The photolysis rate constants are

242 ,
: 3590 650
C= 3. = L{x,8)o_ + > L(x,S)o
ch 1%% ' x & 'S) X
_ 500
H=3, =2 LS o,
: 260

Since a and ¢ both involve radiation between 190 and 242 nm, each

—

of these éonstants at an elevation S depends on the total column

of both O, and O, above S. The column of O, is a fixed function

2 3 2

of elevation, for a given temperature profile} but the column

'of ozone at. -an elevation S depends strongiy on the oxides of
nitrogen above S. The calculations begin at 50 km with the model
of no 03 or NOx qbove that elevation. (Actually there is a small
amount: of 03 above 50 km; which is estimated by integration

of the profiles gi?en by the classic rocket probes for

ozone. The constants A, C and II at 50 km are evaluated from

Eq.(A-B).' The steady-state concentrations of 03, 0, N02, and NO
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are evaluated in the segment from 49 to 50 km by means of Egs. (-1)
to (A-2), and the column Of‘OZ' 03, and Noz,_réspectively, Nz, Nx'

Nv are computed. With these quantities for use in Egs. (A-4) to

(A-8), values of A, C, and H are found for 49 km. The computations | .

are made for each kilométer from 50 down to 15 and at 5 km
increments to.the ground. At each level the average radiation
flux is evaluated at each wavelength, acknowledging all light-
absorbiﬁgrsubstances aone that level. B

If thé-only purpose.of a photochemical calculation is to
solve for the steady-staterconCentration of ozone, ﬁhen the method
used to evaldate light intensities is not especially critical
since ozone depends on the ratio ja/jc. Howevgr, if other photo-
chemical quantities are desired, such as the averagé rate of
formation of HO, B . effect 6f NO_, life-times, etc., it 1is.
necessary to be as realistic as possible. The method used here
averages the radiation intensity every 5 degiees of solar angle
(omitting the anomalous case precisely at suhrise). This
~calculation, then, involves no adjustable parameter of any sort.
The entire célcﬁlation is based on observéd solar fluxes,
absorptién cross sections, quantum yields, and a model for
temperature and density of the atmosphere as a function of elevation. -

There is some uncertainty abou£ how to handle data for )
oxygen below 200 nm, where the sharp inténsc Schman-Runge
- bands havé been almost totally removed, but the radiation between
these bands is present with oniy slight diﬁihution. For this
calculation the radiation wavelength was divided into a grid 1 nm

wide; average intensities and average cross sections were uscedy
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and radiatioh below 190 nm was not considered;. The most
penetrating, oxygen~dissociating radiation is that between 206
and 208 nm, and at 20 km (45° latitude) oxygen is dissociated
almost exclusively between.197 and 211 nm. Whereas a more
realistic model could be used between lBO.and 200 nm by employing
an exceedingly fine grid to account for the details of the
Schumann-Runge bands, the difference would bé_noticeable only
in the upper_Strathphere, and there would be little effect at
the main ozone levels. In the Herzberg continuum the absorption
cross section has an anomalous pressure dependence. Calculations
were made including and also omitting this pressure dependence;
the difference with respect to ozone with and without this term
is negligible above 20 km and the matter of only a percent or

two at 15 km.



'Appendix B

Chemical and Photochemical Reactions

The Chapman or "pure air" reactions

a. 02 + hv (below 242 nm) + O + O
b. 0 + 03 + M > 05+ M

c. O3+ hv=+0,+0

d. O + O+ M~ 02 + M

e. 03 + Q >0, + 02

Reactions of the oxides of nitrogen that enter
cycles for ozone formation and destruction

f. NO + O, » NO, + O

3 2 2
g. NO, + O » NO + O,
h. NO, + hv (below 400 nm) »> NO + O
h'. NO, + hv (below 245 nm) » NO + 0(20)

i. NO + NO + O2 -+ 2N02v

j. NO + O + M > NO, + M

2
k. NO, + Oy » NO; + O, |
2. NOg + hv (red light) =+ NO + o,
M-
] ->
m. NO2 + NO3 N205
‘M
n. N,0g » NO, + NO,

o. 2NO3 > 2NO2 + 02

106

the catalytic



N 107
P N205 + hv (below 380 nm) = 2N02 + 0 (?)
g. N,05 + 0 »2NO, + 0, (?)
rf NO3 + NO - ?NO2
s. NOj + NO, + NO, + 0, + NO

Sources and sinks of the active oxides of nitrogen, NO and N02

t. N, + hv (below 120 nm) = N + N

2

u. N + 02 - NO + O

ve N + NO -» N2 + O

w. NO + hv (below 190 nm) + N + O

x. N,0+ 0o(lp) >N, + o0

2 2 2

; 1 :
Y. NZO + 0("D) » N2 + 02

z. N,0 + 0('D) + NO + NO

M
> HNO

2

,(;) Hq + Nq 3

3 2

(2) HO + HNO., + H.O + NO,

+ hv (below 325 nm) -+ HO + NO2

(3) mNO,
(4) HO + NO + M *"HNOZ + M

(5) HO + HNO, - H,0 + NO,

(6) 'HNoz + hv (below 400 nm) - HO + NO

(?) N,Og + H,0 (on particles) =+ 2HNO, . (?)
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D. Reactions of excited oxygen species: '

(cl) O, + hv (450-650 nm) »~ O, + O

3 2

(c2)  (310-340 nm) - 0,(*8) + o
(c3) (below 310 nm) - 02(1A) + o(ip)

(8) o(lp) + 0, + 0+ QQ(lE)

9) o(lp) + M+ 0 + M

(1o)~02(1A) + M+ 0.+ M

2

+ M

1
(11? 02( L) + M » o,

(12) 0(*p) + 0 + hv (630 nm)

(13) 02(12) + O, + hv (760 nm)

2

(14) 0,(*a) > 0, + hv (1270 nm)

(15) o('p) + 0, » 0. + O

3
(16) 0,(*a) + o0

2 2

+0,+ 0, +0

3 2 2

' 1
(l?) 02( L) + o3 -+ 02 + 02 + 0

E. Reactions of free radicals based on water-(HOx)

(18) 0o(*p) + 1,0 » 210

(19) o('p) + H, » H + HO
(20) O(ID)'+ CH, - Cliy + HO
(21) H + O, + M » HOO + M
(22) H + 04 ~ HO (v<9) + 0,
(23) HO + O » 1 + 02

(24) HO + HO » H,0 + O

(25) > H2 4 O2

2 M



(27)
(28)

(29)

(30)

(31)
(32)
(33)

-(34)

HO + HOO ~+ HZO ‘+ 02

o, +0

HOO + HOO + H,0,

H202 + 0 » H(? + HOO

H202 + hv -+ 'HO +'HO

2

H,0, + HOV+‘H20 + HOO

HO(v<2) + O3 + H + 0, + 0,

HO + 03 -F‘I"IOO +  02

3

HOO + 05 + HO + 0, + 0, (?)

(?)

F. Reactions related to methane

(35)

(36)
(37)
(38
(39)
(40)

(41)

' CH

(42)

(43)

(44)
(45)

(46)

(47)

'Ho + CH

O + CHy > CHy + HO

4

+ HZO + CH3

CH3 + O2 > H2CO + HO

M
+ CH.,00

CH 2 3

3+ 0

3 2

CH3

M
CH,00 + NO + CH

3 3

CH

3 2 3

H,CO + hv]f H, + CO

» H + HCO
HCO + O2 + CO + HOO
112 + HO -» ‘”20 + H

CO + HO -~ C02 + H

HOO + NO - -N02 + HO

00 + NO ~» CH3O+ NO

00 + NO., + CH.OONO

00 + hv + H,CO + HO

2

(?)

(?)

hv
OONO - ?

hv
—_— ?

2

)
- (?)
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Titles to Figures

Zonal ave:pgé ﬁémperature:°x (Méfch 22) as a function
of latitude and altitude. The tropopause is indicated
by the dashed Iiﬁe. ~90 to 0; nérthern hemisphere;

0, equator; 0 to +90, souﬁhem hen\isphére.
.Temperature'(January 15).

Air conégg}rationv(Nz, O, Ar) in molecules cm-3 as

a functioéfof elevation and avefage latitude.

5(E16) = 5x10%°,

" Mole fraction of ozone based on average obsexrvations

over several years, in parts per million.
| ; =3
Concentration of ozone, molecules cm ~, average

observations.

Concentration of oxygen atoms calculated from observed

ozone'(Figuré 5) and local light intensity as of

March 22. The calculated concentrations were averaged

“over longitude (15° grid) to give world-wide average

vqlue,'or these concentrations may be interpreted as
the 24 hour average [0] at each'point.
Same as Figure 6, but for January 15.

‘Concentration of singlet oxygenvatomsngO(lD), zonal

. avefage, March 22.

Rate of production of hydtoxyl radicals (molecules

em™ 3 sec™l) from the reaction’of.o(lD) with water

~and methane, March 22.
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Figure 1l.

Figure 12.

Figure 13,

Figure 14.

Figure 15.

118

"Ratio for rate of destruction of ozone by the

catalytic cycle (NO + 03 -+ NO2 + 02, NO2 + 0 » NO;+ 02)
to the rate of destruction in pure air (0 + 0y >0, +0,)
as a function of .the full range'of the independent

variables, [NO] and [0], at one temperature, 220°K:

~=--=--. Half time for ozone destruction —

Raﬁg of formation of nitric acid from the reaction
HOI+ NO2 y HN03,v300°K, M is He. Observed points and
theoretical curve (adjusted to 6bservations at 1 atm).
Proposed distributions for the oxides of nitrogen in
the stratosphere (Park and London, 1971),.natural
background and maximum expected perturbation by

supersonic. transports.

 Steady state‘distribution of stratospheric ozone as ;o

calculated from Park and London's distributions (Figure 12),

A. With correct value of ki. B. With Park and London's
value of ki. :

A. ' Steady-state ozone profiles caléulated on the

basis of no oxides of nitrogen and with various

éisuged values for uniform mole fractions (parts per billioﬁl“
g{ ngae as Figure 14A, but with varioué assumed |

values for uniform concentration. of NO_ .

The rate of elementary reaction a (02 + hv » 0 + 0O)

‘as an instantaneous average around the world or as

a 24 hour average at one position. "If multiplied by
2 this may be interpreted as the gross rate of ozone

formation, January 15,

PR S,
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19.
20.

21.

22.
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‘The globalvrate of the elementary'reaction c

‘(03 + hv ‘-» 02 + o)..

The global rate of the elementary reaction e

'(03 + 0+ 0, +0,).

‘Net~rate of formation of ozone according to the
Chapman mechanism (2 Rate a minus 2_Rate e),
-‘Januar'y 15. |

 Same as Figure 18, March 22.

~ Seasonal change of giobal ozone inventory compared to

instantaneous net rate of ozohe’production, January

15 and March 22;

0dd oxygen ratio: the rate of ozone formation divided
by the rate of ozone destruction,'Chapman mechanism,

January 15.

9 molecules em™3

Same as Figure 21, but with 4.4x10
of NOx added throughout the stratosphere. This
relatively small amount of NOx is sufficient to

remove the major discrepancies of Figure 21.

‘The rate of the elementary reaction f (NO + 0, >

NO2

+ 02) under conditions of Figure 22,

The rate of the clementary reaction h (NO, + hv »
NO + O), as in Figqure 22.

The rate of the elemcntary reaction g (NO2 + O »

NO + 02), as in Figure 22.
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Log [NO],molecules/cm3
Fig. 10
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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