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LABORATORY CHEMICAL KINETICS AS AN ATMOSPHERIC SCIENCE
Harold Johnston
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
Berkeley, California

ABSTRACT
As a demonstration of the predictive power of the science of
laboratory chemical kinetics, it is shown that one laboratory reaction
(the NZOS catalyzed decomposition of ozone) can bé exactly predictéd
from other laboratory reactions; and it is shown that a non-controversial
atmospheric quantity (the vertical profile of singlet delta oxygen
molecules) can be predicted quite satisfactorily from chemical rate

constants obtained in the laboratory. The chemical and photochemical

constants of the pure air substances, O, 02, and 03, are fairly well

known, and these constants predict about twice as much stratospheric

ozone in clean air as that observed, implicating some other agent or
agents in tﬁe natural destruction of ozone. Neither transport to the
troposphere nor the water reactions are adequate (by about a factor of
50) to explain the ozone deficit. A natural source of-NOX in the
stratosphgre is the reaction of nitrous oxide (NZO) with singlet oxygen,
O(lD), and the source strength.has been calculated by three different

investigators to lie in the range of 0.25 to 2.SXI08 molecules cm_2 sec—l.

%
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The NOx inventory built up by this natural flux (in the face of all the
complexities of atmospheric motions and photochemistry) is sufficient
to explain the ozone defitcit. The source strehgth of NOX from 500 SST
is equal to or several times greater than the natural‘NOX source
strength. If the natural source strength of NOX, which already exerts
the dominant influence on reducingustrgt9§pheric ozone to its natural
level, is increased artificially by a factor of two or m§¥e, it would
require a remarkable canéellation of effects if this artificial

increase should not exert a major reduction on stratospheric ozone.



Introduction

During the past year, I have presented a series of papersl'z’3

on the problem: What are the important variables in stratospheric
ozone photochemistry? In particular, I have emphasized, in

4’5'6, that the oxides of nitrogen are one

agreement with Crutzen
of the most important phofochemical variables in the stratosphere
-and that the water reactions are negligible compared to reactions
NO

of NOX (NO, NO Furthermore, commercial fleets of SST would

2 3)‘
add NOx to the stratosphere in amounts sufficient to bring about a
major reduction of stratospheric ozone. These papers represent
calculations based on laboratory studies of chemical kinetics and
photochemistry and on a standard model of the stratosphere. 1In

this paper I do not try to reproduce all of the previous calculations.
Rather, I examine the questions: What sort of science is photo-

chemistry? What validity might it be expected to have in predicting

chemistry in the stratosphere?



In the laboratory of the chemical kineticist and photochemist,
quantities are measured such as rate constants, cross sections,
and quantum yields. To what extent may these laboratory ob;ervations
be extrapolated to different environments, such as the stratosphere?
This general question has been the guiding principle behind
my research in photochemistry and chemical kinetics,,and I hévev

threelpublicatio_ns7’8’9

that reach conclusions on the present status
~of this question.

The first part of this article gives examples of the transfer-
rability of‘rate constants from one environment to another. The

second part of this article uses rate constants measured in the

laboratory to identify the important variables in the problem of

stratospheric ozone. This identification of important variables
applies both to the natural stratosphere and to the stratosphere

as it might be perturbed by 500 supersonic transport planes, SST.

Laboratory Photochemistry and Reaction Kinetics

Aggaratus.7-—ln laboratory studies of chemical and photochemical
reaction rates, a wide variety of chemical and physical methods are
~used. The range of quantities sought to be measured is illustrated
in Fiqgure.1l by a highly schematic drawing of a crossed molecular
beam and of a constant-volume, constant-temperature ;eaction vessel.
In the crossed molecular beam experiment the ideal is to select
the interngl quantum states of the reactants and to measure the
reaction cross sections to.produce specific product states as a
function of relative velocity. In the bulk reaction flask, the

object is to measure the rate of disappearance of all reactants



and the rate of appearance of all products; if there are inter-
mediate species the ideal is to measure their build-up and decay
with time.

. . 9 . .
General Consideration. --The cross sections observed by

molecular beam techniques and also by a number of spectroscopic
methods are strictly mechanical quantities. Such cross sections
can be transferred without limit to other envifonments. However,
for even the simplest chemical reaction there are a vast number
of parallel reaction paths in terms of the purely mechanical
cross sections; and in general the full lists of such quantities
have not yet been evaluated. Although full use should be made of
these sharp guantities where they are available, few practical
atmospheric problems can be solved completely (at this time) in
terms of such data.

Phenomenological rates measured in the laboratory reaction
flask are sums over a large number of elementary physical processes.
These sums involve the cross sections ¢ and probability distributions P
for every quantum proceés. If the reactants have an
equilibrium distribution over all states (internal as well as
translational), then every element of the distribution P is specified
by one parameter, the temperature, T. The sum of the strictly
mechanical cross sections over the equilibrium distribution of
reactants is thus also a single-valued function of the temperature.

These words can be compactly expressed by the relations

A+ B->C+ D

kijlmnp
A; 4+ Bj ——=—=sC_ + D_ (1)
97 | 95

s



= [alBl zz [o.. P.P.P dg | 2
Rate [][]ij/lj(g)gljgg (2)
g
= k[A][B]
k = k(T) if Pi,Pj,Pg are equilibrium distributions. (3)

where square brackets indicate total concentration. This description

is readily generalized10 to reactions of first or third order

A + products (4)
k' = Rate/[A] | _ (5)
A+ B+ C -~ products (6)
k" = Rate/[a][B][C] | (7)

In a large number of readily identified situations, the reactants
have a grossly non-equilibrium distribution over internal gquantum
states, in particular, the vibrational states. In some of these
situations there are good grounds to believe that the translational
degrees of freedom have an equilibrium distribution and thus a
temperature T; but the vibrational degrees of freedom are strongly
non-equilibrium. Figure 2 gives data for the unimolecular decomposition

. of N205. The departure from the dashed line, keq’ is all due to

the non-equilibrium distribution of the vibrational degrees of

i freedom of N205. Consider the situation at 0.1 torr.. The rate is

not particularly fast; the half-time is 700 seconds; and yet the



rate is a factor of 300 slower than the value that would obtain at
equilibrium over vibrational states. The reaction is neither first
order nor second order, but it displays the complex rate function
= Z ayy ¢4 [M] (8)
- . . .
T lelM]+cl
The reaction cross sections reside in the terms ci, and the non-

equilibrium distribution function is

In this instance the distribution function depends reproducibly on
three macroscopic variables: T, identity of gas M, and [M], the
concentration of gas. Thus the non-equilibrium rate "constant"
can be characterized and reproducéd by statement of the three
variables: T, M, [M].

This phenomenon of reproducible, non-equilibrium distribution,
with its effect of non-integral, variable reaction order, occurs

for a large number of atmospheric reactions, for example:

O + 02 + M > 03 + M | (10

O+ NO + M > NO2 + M

o + NO2 + M > NO3 + M

HO + HO + M ~» H202 + M

HO + NO + M ~» HNO2 + M

HO + NO2 + M -~ HNO3 + M

+ NO, + M > N,O. + M

NO, 3 295



Under stratqspheric conditions, the first two reactions are very
nearly third order, but the last two ére in the middle of the
complex "fall off" region. These variable, non-integral rate
constants may be transferred from one environment to another if
one gives proper recognition to all three macroscopic variables:
T, M, [M].

Reaction products are generally formed initially in a non-

equilibrium distribution, for example,

H + O3 > O2 + HO(v%9) (11)

The product HO has a remarkably different reactivity toward ozone

depending on its vibrational state. In the nineth vibrational
state of the hydroxyl radical the reaction is very fastll

HO(v=9) + O, - H+ O, + O : (12)

3 2 2

12 3

k = 7.7x10° cm molecule_l sec™ !

In the ground vibrational state of the hydroxyl radical, the reaction

is vanishingly slow12

HO + O3 + products (13)

16 -1

k < 10~ cm3 molecule_l sec

If we knew the rate constant as a function of vibrational state of
HO, these constants could be transferred reliably from the laboratory
to another environment. However, in the new environment we require
large amounts of additional information about the distribution of

HO over its vibrational states under the actual conditions. 1In

principle, this problem could be solved in terms of the distribution



of HO over its vibrational states in the reaction of H with'O3 ahd
in terms of the rate constants for deactivation of HO by all major
atmospheric species. 1In the absence of such detailed data, these
rétes must be regarded as non-transferrable from one set of con-
ditions to another, and the reaction must be studied under "realistic ~
conditions".
Reabtions measured in the laboratory are subject to another
kind of complexity. The thermal decomposition of ozone8 follows

the balanced chemical equation

203 > 302 (14)

However, the reaction occurs as a sequence of three elementary
chemical reactions

(R1) 03+M—>02+O+M (15)

(R2) O + O2 + M > 03 + M

(R3) O + 03 - O2 + O2

The general definition of the rate is based on Eg. 14

R=-5 —> =2 % (16)
and the rate expression derived from (15) is

2
kl k3[03] [M]

R =
K, IMI [0,] + K5(0,]

(17)

Empirical rates based on (14) are of no value in transferring data
from one environment to another. The quantities suitable for

prediction of new situations are the elementary chemical rate

constants: kl(T,M,[M]), k2(T,M,[M]), and k3(T).



This section can be summarized by a quotation from the preface
of reference 8. |

"Now that chemical kinetics is approaching a certain
level of maturity, with some of the field passing.from
frontline research to established applied science, its
quantitétive data should be tabulated in handbooks.
Decisions must be made as to what to tabulate; suggestions
have included:' Empirical rate constants with defined
order and ;egardless of mechanism, parameters of the

- Arrhenius equation or parameters of activéted—complex

theory, nothing but molecular transition prbbabilities
or cross sections for identified changes of guantum states.
The position taken in this review is that we should tabulate
individual rate constants for elementary chemical reactions.
I oppose basing handbooks on the other proposals listed
above for the folloWing reasons: Empirical rate data for
an unanalyzed complex reaction are analogous to empirical
thermodynamic data for an impure unanalyzed substance; the
data may be useful for the case in hand but of no general
interest. The bare reporting of parameters of the Arrhenius
equation or activated-complex theory equation conceals the
source of the numbers, the probable error, the relationship
to other investigations. 1In tables of data of this sort
one enﬁry may represent an average of several hundred
observed points as obtained by a dozen different investi-
gators over a wide temperature range, and another entry

may be a wild guess by an amateur in the field or the



unsupported prediction of a crude theory. A refusal

to tabulafe any kinetic data except fundamental, quantum-
state transitions is analogous to a refusal to tabulate

any thermodynamic data until they are obtained by statisti-

cal mechanics from molecular parameters".

Prediction of a laboratory result.74—The decomposition of ozone

is strongly catalyzed by dinitrogen pentoxide, N205. Experimental
data are given in Figure 3. Over a wide range of conditions the

observed13 reaction rate is given by

-d[03]

_ 2/3 2/3
—3r " kIV[Nzos] [03] (18)

The rate is precisely two-thirds order in NZOS and two-thirds order
in ozone. The overall order is thus 4/3.

The points entered in Figure 3 are based on the observed rates
of this magnificently strange, four-thirds order reaction. The
lines are not based on these observed points. The lines are pre-

dicted on the basis of other laboratory studies.

There are three other complex reactions involving NZOS'

(RI) 2N205 = 4No2 + o2 (19)
(RII) NO + N205 = 3No2
(RIII) 2No2 + o3 = N205 + o2

These three reactions represent different special cases of the

effect of six elementary chemical reactions.



(RA) N.O. > NO, + NO (20)
M
(RB) NO, + NO, > N,O

(Re) NO2 + NO3 + NO + O2 + NO2

> 2NO

(Rf) NO f NO3 2

(Rg) NOj + NO, > 2NO, + O,

(Rh) No2 + o3 -+ No3 + o2

By studying these three laboratory reactions under a wide range
of reactant pressure, total pressure, and temperature, the 6
elementary reactions were separately evaluated and tabulated.
The N,O. catalyzed decomposition of ozone depends on the four

275
elementary reactions

"N,0s '
(RIV) 20, — 30, (21)
(Rh) NO, + 05 > NO, + O,
M
(RB) NO, + NO, - N,O¢
M
(RA) N,0. > NO, + NO,

(Rg) NO, + NO, > NO, + NO, + O,

The rate equation derived exactly from this mechanism is

_ 1 2/3 1/3 2/3 2/3
Rry = 5 (kpky/kp) ¥/ 7 (2k )7/ 7 IN,041%/ 7 [04] (22)

Thus the strange 4/3 order is predicted. The rate constants for
A, B, g, and h as derived from the complex reactions I, II, and III
were used to calculate the lines in Figure 3, and there is excellent

agreement between calculated and observed rate.
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In conclusion to this section: The rate of one laboratory
reaction can be accurately predicted from the rates of other

laboratory reactions.

Laboratory Kinetics Applied to the Atmosphere

Prediction of an atmospheric result. --In a stratosphere of

pure air, the formation and natural balancing of ozone is given by

the Chapman reactions]"l’g'l_6
(Ra) O, + hv >0+ 0 (23)
(Rc) O3 + hv - 02 + 0
(R2) o, + 0+ M->0, + M

2 3

(R3) O3 + 0 ~» O2 + O2

The photochemical steady state set up by these reactions gives

1/2
[05] B <Ja k, [M] >

e - (24)
[02] Jc k3

where J is a photochemical and k is a chemical rate constant.

"0dd oxygen" (0O and 03) is formed by R, and destroyed by R The

3°

processes, R, and R interconvert O and O but do not increase

27 37

or decrease them. The net effect of Rc and R, is to convert solar

2
energy to heat in the stratosphere, which is the source of the
temperature inversion and great stability of the stratosphere

against vertical mixing. The steady-state concentration of ozone

depends on the ratio of Ja to Jc and on the ratio of k2[M] to k3.
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There are many other reactions that involve excited electronic
states of oxygen atoms and molecules. This field has been reviewed
recently by Wayne15 and it continues to be an active field of
current research. In addition to the Chapman reactions we must

consider16 (where O and O, represent the stable species and a

2
fuller statement of excited species is lAg and lz;):

(i) Formation of excited species (25)

03 + hv(450-650 nm) - O2 + 0

(310-340 nm) - Oz(lA) +0
| 1 1
(below 310 nm) - 02( A + O(°D)

1 1
0("D) + 0, > 0 + 0,("1)

(ii) Deactivation of excited species ‘ : (26)

O(lD) +M-~>0+ M

OZ(A)+M—>02+M

1
02( z) +M.->02+M
(iii) Light emission by excited species | (27)

o(Ip) > 0 + hv (630 nm)

02(12) > O2 + hv (760 nm)
0,(*4) » 0, + hv (1270 nm)
(iv) Reaction with ozone (28)

1
o("D) + O3 > O2 + O2

0+ 0; >0, +0,
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1 .
02( A) + o3 > o2 + o2 + 0

1
| 02( L) + o3 > o2 + o2 + 0

Under stratospheric conditions the deactivation processes (ii)
predominate over the ozone destruction processes (iv), and loss
of odd oxygen to electronically excited species is very small (ajfew
percent) compared to the loss by the Chapman reactions.

"The formation and quenching of Oz(lA) lead to a fairly large

concentration of this species in the stratosphere. It signals its
presence by the airglow radiation at 1.27 um. The rate constants

for reactions (25)-(28) have been measured in the laboratory and
reviewed by Wayne.15 The vertical profile of 02(1A) was deduced
from a rocket sounding, and the result as quoted by Wayne15 is
plotted in Figure 4. Wayne emphasized that the calculated curve
in Figure 4 involves no adjustable parameters; it is exclusively
baséd on rate constants as measured in the laboratory and the
ozone vertical profile as measured by a rocket sounding. The
observed Oz(lA) is based on the radiation ihtensity at 1.27 uym as
observed in another rocket sounding of the upper atmosphere. The
agreement between calculated and observed curves is qui£e satisfactory.
The conclusion to this section: for a non-controversial
guantity such as the Oz(lA) air~glow, rate constants as measured
in the laboratory are capable of predicting a concentration profile
in thé upper atmosphere.

Pure air rate constants.--Before considering the effect of

trace components in the stratosphere, it is important to get

straight the effect of the major component, namely oxygen. In pure
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air, the ozone steady state depends on the ratio of k2 and k3,
Equations (23) and (24). The status of laboratory studies of
reactions 1, 2, and 3 (Equations 23 and 15) will be reviewed in
detail.

During the years 1966 and 1967, I spent ail of my available
time for research in preparing a book for the National Bureau of
Standards (NSRDS-NBS-20) giving a critical review of all published

8

ot and 03. All available

kinetic data published in English, German, and French since 1900

data on the reaction rates of 0, O

were reviewed. Tabulated rate constants were recomputed into
common units. Data that appeared only as points on a graph were
read off the graph and combined with other data. These reactions
were extensively studied in the 1920's and early 1930's, and again
after about 1955. Some of the early work showed Very'poor pre-
cisiqn, and these data could be associated with reaction vessels
containing surfaces that catalyze the decomposition of ozone.

Some of the early work showed good precisién for a given series

of runs but very poor reproducibility from one series to another;
these data could often be shown to involve oxides of nitrogen in

the ozone. Studies of the photolysis of ozone by ultraviolet
light was shown by the original authors to involve ozone destruction

by free radicals based on water. Studies before 1964 of k3 in fast
flow systéms with oxygen atoms produced by an electric discharge
are known to be invalidated by the presence of large amounts of
Oz(lA) in the gas stream, which also decompose ozone, Equation (28).
Studies shown to involve catalysis by surfaces, water, or the 6xides

of nitrogen were rejected in toto.
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After this screening of all available data, there remained
a large quantity of apparently valid data. A consistency test
for the validity of the data was to compare the ratio of kl and

k., as determined strictly from kinetics with the equilibrium

2
constant obtained from thermodynamic data in the JANAF tablesl7

kl (kinetic)

k2 (kinetic)

(thermo.) (29)

compared with Kl
This comparison is reproduced in Figure 5. It can be seen that

kl/k2 is in excellent agreement with the thermodynamic equilibrium
constant. By virtue of this test, the constant for reaction 2 may

obtained more reliably from

than from direct observation in certain regions of pressure and
temperature. Likewise the value of kl can be extended by adding

to it the values of

k, = K k _ (31)

The observed values of k2 are given as points in Figure 6. Obser-
vations have been made at temperatures typical of the stratosphere.
The best estimate of the rate constant k2 is based on the extended
data for kl reflected through the equilibrium constant, Equation (30);
the line in Figure.6 was evaluated in this way. It can be seen that
this rate constant is still uncertain by perhaps * 50%. Care must

be taken to consider the correct M-gas, since k, depends on T,

2
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identity of M, and concentration of M, Equation (10). The data
in Figure 6 are based on equivalent ozone as M-gas, and air is
about 0.4 as effective as ozone in’this respect. Several laboratory
studies were carried out with argon as M gas, which is 0.25 as
effective as ozone.

All data points regarded as valid in 1968 were listed in
Tables in NBS-20. The purpose of this listing was to permit easy
extension of that study as new data on these reactions are obtéined.
New data can be added to the fifty years of experience embodied
in NBS-20, and the revised best estimate based on new plus old
data is easily obtained. Such a treatment20 was carried out by
Krezenski, Simonaitis, and Heicklen (1971). They measured the
rate of reaction 3 from room temperature down to 196°K, whereas the
lowest temperature previously invespigated was 273°K. Figure 7
shows all data included in NBS-20, the new low-temperatﬁxe points,
and the curve previously used in stratospheric calculations.l’2
As this example illustrates, a "most recent" study should be added
to the basic background of 50 years of experience, not used to
displace the full body of previously established data.

18

In the early 1950's Benson and Axworthy re-evaluated the

experimental data of Glissman and Schumacher.19 The temperature
range of these data are indicated by the bar in Figure 7. This
temperature range is very narrow compared to the full range now

available. All of Benson and Axworthy's points were included in

this study, and thus their study is superseded by NBS-20.
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In ‘summary, the full body of laboratory data in Figures6 and
7 probably give the ratio (k2/k3)l/2 with an accuracy of *50 per
cent under stratospheric conditions.

Photolysis rates.--The rate of photolysis of oxygen is written

as Ja[OZ]' and the rate of photolysis of ozone is written as
Jc[03]. The parameters Ja and Jc are not rate constants; rather
they depend on thé summation over wavélength of light absorption
cross section o, quantum yield ¢, and local light intensity I. The
local light intensity depends on the intensity of incoming solar
radiation and on all séecies‘that absorb that radiation above the
point in guestion. Both ozone and oxygen absorb below 242 nm, and

thus the light intensity depends on the optical path L of both O2
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and O, between the sun and the region of interest. If x represents

3
O3 and z represents 02, the functional dependence of the photolysis
factors is
J, = ;"z”'T'P)"’z“)I(IoA'Lx'Lz) (32)

(&
]

c g OX(}\)q)X(A)I(IO)\'LX'LZ)

In the stratosphere oxygen absorbs radiation between 190 and 242 nm
in the Herzbérg continuum, a highly "forbidden" transition. This
absorption is enhanced by the perturbation of molecular collisions,
aﬁd thus the cross section for absorption by oxygen is a weak function
of pressure P and temperature T.

Both 0ld and recent data on the cross sections ¢ and solar
intensities io have been reviewed by Ackerman.21 Before Ackerman's
review was published, the solar intensities IO were most conveniently

obtained from a review by Brinkman et.a1.22, and the cross sections

were obtainable from several journal articles.23’24

1,2 in the summer

The calculations reported in my two reports
of 1971 were based on references 22-24. Recently I have made
calculations with the data as summarized by Ackerman.21 For the
case of pure, dry air, the photolysis parameters given by Ackerman
 predict 15 percent less ozone (total vertical column, steady-state

calculation) than is predicted by the constants based on references

22-24.
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Calculation of the absolute concentration of ozone in pure

air.--In the stratosphere, the steady-state concentration of ozone
is given by Equation 24. The laboratory quantities needed are

8,20

k2/k3, which are available at temperatures between 200 and

1000°K, and Ja/Jc, which can be calculated from photochemical

data.21'22_24

From pressure and temperature as a function of
elevation, the chemical kinetic ratio kz[M]/k3 can be calculated

in a straightforward way. The calculation of the photochemical
ratio Ja/Jc poses certain problems. The earth rotates every 24
hours and the seasons undergo the annual cycles. As is well known
from the theory of photochemical rotating sectorszs, there is a
difference between a given iight intensity half the time and half
the light intensity all the time. If the periodv(light on and

light off) is long compared to the time for a substance to reach

the steady state, then the calculation should be done in terms of
full light intensity, which is on for half the time. If the period
(light on and light off) is short compared to the lifetime of a
substance, then the calculation should be done in'terms of half light
intensity for all the time. The active ultraviolet radiation is so
rapidly attenuated as one moves down from 50 kilometers to 15 kilo-
meters in the stratosphere that there is a profound gradient26'l

of half-times for ozone to reach the steady state: about a day at
45 km, about two weeks at 35 km, about 3 months at 25 km, and several
years at 15 km. In terms of photochemical sector theory, it is
appropriate at and below 40 km td use the average intensity for all
times. In my calculationsl—3, I have averaged the solar intensity

for each nanometer of wave length
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over every 5 degrees of solar angle for the 24 hour day. In this
way, I have evaluated steady-state ozone profiles between the
equator and 75° latitude at the solar equinox.

Recently Randhawa (1971) published two ozone profiles27 obtained
from rocket soundings at Panama, 9° North, November 1970. These
profiles are replotted in Figure 8, where some fine structure of
the original data is lost. The calculated curvesl’2 for pure air
at the equator and at 30° latitude are also given in Figure 8;
thege calculated curves follow directly from the two ratios
discussed above and vary as (kz[M]/k3)l/2(Ja/Jc)l/2. The curves
calculated on the basis of pure air indicate far more ozone than
is observed.

The célculated curves in Figure 8 are drawn with a heavy line
above 27 kilometers and a light line below that elevation. This
distinguishes between the region where the photochemical half-time
for ozone is less than 3 months (above 27 km) and greater than 3
months (below 27 km)., Vertical eddy diffusion and transport
(equitorial to polar) may modify a vertical profile in times longer
than three months, but probably such modification is small for

.~ times less than three months in the lower temperate and tropical
regions considered in Figure 8. The calculated curve, based on
pure air, is far greater than the observed profiles at all elevations,
including the high elevations where photochemical reactions are
fast.

Conclusion: In the stratosphere ozone is destroyed by some
process other than pure air reactions. In tropical regions above

.25 kilometers (the ozone factory of the world) there is an ozone
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deficit of a factor between 2 and 3. Something else is very active
in destroying ozone in the natural stratosphere (compare reference 4).

Other loss processes.--Various proposals have been made to

explain this stratospheric ozone deficit: (1) Loss of ozone by
eddy diffusion to the troposphere; (2) loss of ozone to the
troposphere by the spring polar overturn; (3) catalyticvdestruction
of ozone by free radicals based on water, the HOx system; and (4)
catalytic destruction of ozone by the oxides of nitrogen, the NOX
system.

Loss of ozone from the stratosphere by air motions.--It has

been suggested by London28 that the "ozone deficit" is an artifact

of the steady-state calculation. In a large scale computation
considering day and night variation and global circulation, he

found 1little or no ozone-deficit for a model simulating the month

of January. On the other hand; I find an oZone deficit of a factor

of almost three in the tropics and a factor of about 12 on a

.global basis. The difference between my results and those of

London probably lies more in the rate constants than in the atmospheric
models. In a list circulated in April 1971, London gave as his rate

= 1.86x10 11
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constants: k, = 5.5><10—34(300/T)2°6,k3

The values I usedl’2 were: k., = 2.4x10 exp(1080/T) and k., =

2 3
1.33x10_llexp(—2120/T). The significant quantity is the ratio,

exp (~2130/T).

kz/k3' For three representative stratospheric temperatures, these

ratios are related as follows:

220°K 237°K 260°K

(kz/k3) Johnston 2.7 2.3 2.0
(kz/k3) London
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To be sure, there is uncertainty as to the values of these rate
constants, especially k2’ at low temperatures in air. Howevgr,
the difference between London and Johnston as to a small or large
"ozone deficit" seems to depend more on the values used for rate
constants than on the difference between steady~state calculations
and calculations including global circulation.

It is agreed that air motions are dominant in controlling
the distribution of stratospheric ozone at low elevations at all
latitudes and at all elevations at wvery high latitudes. The
transport of ozone from 30 to 20 km or from 30° to 70° latitude at
30 km does not remove ozone from the stratosphere, but it merely
displaces it from one part of the stratosphere to another. The
purpose of this section is to examine the magnitude of processes
that transport ozone from the strétosphere to the troposphere.

Consider a volume element of fixed coordinates in the
stratosphere, for example, a cubic meter. For a short interval of
time (say, a few minutes) the change of ozone in this volume may
be factored into three vectors, each‘one of which has multiple

components. These three vectors are: (A) The gross rate of

formation of ozone from the photolysis of oxygen. This photochemical

reaction is brought about by two processes:

0, + hv - 0 + O (33)

(0O + O2 + M > 03 + M) TWICE

net: 305 + hv > 20,

The rate of this reaction can be calculated from the local intensity
-of sunlight and the concentration of oxygen. If one takes the

ozone concentration to be the observed average value appropriate
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for the given elevation, latitude, and season, then one can calculate
the local intensity of sunlight as a function of wave length and
evaluate the rate vector A. This calculation is very straight-
forward, and it makes no assumption about photochemical steady state

or the magnitude of the other rate vectors B and C. (B) Chemical

destruction of ozone. 0dd oxygen is destroyed by thrée families
of feactions Ox (03, 02, o), NOX (NO, NOZ)’ and HOx (H, HO, HOO).
These reactionsare discussed in some detail later. These chemical
reactions are driven by photochemically produced reactive species,

O, HO, etc. (C) Net transport of ozone by air motions. Eddy

diffusion or a wind compohent could bring ozone into any of the six
faces of the cubic volume element. The air brought in has itself
been subject to photochemical and chemical reactions in a nearly
region of space, and in general its ozone concentration will not
be greatly different from that in the reference volume element.
If winds come in through some faces of the cube, it goes out through-
other faces, transporting with it the ozone concentration currently
in the volume element. Depending on the instantaneous gradients
of the mole fraction of ozone, these air motions will remove more,
or less, or no ozone from the reference volume element. The net
difference between transport in and transport out of the volume
element is the vector C.

Three -cases of these three rate vectors, A, B, C, are given
in Figure 9. Case I illustrates the situation where there is a net
transport of ozone out of the reference volume element, by virtue
of the directions of the winds and the gradients. 1In this case the
photochemical formation rate A is larger than the chemical destruc-

tion rate B. Case II repreSents a photochemical "steady state".
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(Chemists reserve the word "equilibrium" for the situation where
the balancing forward and reverse processes are the exact reverse;
the photochemical process A and the chemical reactions B are not
exact mirror images; and chemists call such a balance a "steady-
state". Meteorologists usually refer to this as photochemical
"equilibrium". Of course, either name is satisfactory so long
as it is clearly defined.) - In this photochemical steady stéte,
the rate of formation of ozone from photolysis of oxygen is exactly
balanced by the various chemical reactions that destroy odd oxygen.
This situation can come about if the absolute value of fhe rafes,
A or B, is very much larger than the net transport processes C.
Also, it can happen if the transport of ozone into the volume element
is equal to the transport out, that is, zero gradients in the
diréction of the wind, etc. Case III represents a net transport
of ozone into the volume element. Air transport and photocheﬁistry
add ozone; chemical reactions destroy it.

For the cases I, II, and III the combination of photochemistry,
chemistry, and transport gives a steady state; the concentration
of ozone in the volume element is not changing with time. On the
other hand, cases IV, V, and VI in Figure 9 parallel cases I, 1I,
and IIT except that the gain processes exceed the loss processes.
Thus the concentration of oéone increases with time. There are, of
course, processes VII, VIII, and IX, not shown in Figure 9, where
‘the loss processes exceed the gain processes, and the concentration
of ozone in the volume element would be decreasing.

Consider a smoothed, average, actual distribution of ozone

over latitude and elevation at the fall equinox. At each nm of
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wévelehgth between 190 and 400 nm, consider the solar intensity'
averaged over a 5° angular grid for the 24 hour day. With an
elevation grid of one kilometer and a latitude grid of 15°, the
integral of the gross rate of formation of ozone, vector A, over

the straﬁosphere from 15 to 45 kilometers in the northern hemisphere

is gx10%0

tons of ozone per year (the solar flux for the year is
approximated as that for the solar equinox). This calculation,
of course, involves no assumption about a photochemical steady state.
When ozone is transported from one part of the stratosphere
to another, that does not represent ozone destruction or removal
from the stratosphere. To estimate the loss of ozone from the
- stratosphere to the troposphere, one must integrate the vector C
over the boundary between the stratosphere and troposphere. Vertical
ieddy diffusion brings large amounts of ozone from the photochemically
active region above 25 kilometers down into the photochemically
sluggish region between 15 and 20 kilometers. Further vertical

eddy diffusion brings ozone down into the troposphere. Paetzold29

has calculated the average loss from this process to be about 10ll

molecules O3 cm_2 sec—l. Such a loss integrated over the northern
hemisphere is 7XI08 tons per year. Horizontal transport and
diffusion move large amounté of ozone from tropical toward polar
regions. Further horizontal transport and'subsidencés during the
winter months build up a thick column of ozone in polar regions,

30a

which is broken up and scattered into the troposphere in the

"spring overturn". It is assumed that this loss is equal to the
difference in E&E)spring maximum and late
ful%AFummer minimum integrated over all latitudes. Such a loss

of ozone to the troposphere is 4><108 tons per year for the northern
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hemisphere.3 Junge3la made a similar calculation, finding the

difference of total ozone in the northern hemisphere between spring
maximum and féll minimum to be 3.5><108 metric tons per year.
Ascribing all of this difference to the ozone loss at the "spring
overturn" is probably accurate within a factor 6f two. The sum of
these two effecﬁs gives l.1><109 tons per year as an estimate of
the loss of ozone to the troposphere as a result of air motions.
This is regarded as the integraliof rate C ovér the boundary of
the stratosphere.

For the entire stratosphere of the northern hemisphere, the
integral of rate A, the gross rate of formation of ozone from

sunlight, is SXlOlO tons per year. The integrated losses due to

2 tons per year, or

transport at the boundaries, rate C, is 1.1x10
between 1 and 2 per cent of the total of rate A. The total ozone
inventory of the stratosphere is very nearly in a steady-state from
a léng-term, year-to-year basis. Thus the difference in the gross
rate of formation of ozone, A, and the transport of ozone from
the stratosphere, C, must be ascribed to chemical destruction by
the reaction systems Ox’ HOX, and NOX. These chemical destruction
rates, over the entire stratosphere and entire year, must account
for 98 to 99 per cent of the balancing of ozone production. Thus
~ the long-term global ozone balance is approximately given by
A = 100%, C = -2%, and B = -98%. |

At 45°N at the fall solar equinox, the instantaneous (one day

average) rate of A integrated over the vertical column is 90><10_ll

molecules cm-2 sec—l, and loss to the troposphere by eddy diffusion

(according to Paetzold29) is 1x10” 11,
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These considerations bring out thét the ozéne‘déficit as
illustrated by Figure 8 cannot be explained.ih'térms of mechanical
transport. | |

Conclusion: Althoﬁgh atmospheric motions afe dominant in
determining the vertical disfribﬁtion'of ozéne inv£he loWer
stratosphere and in determining the world-wide distribufion at
high latitudes, mechaﬁical transport of ozone from the stratosphere
to the troposphere balances.out less than 2 per cent of the gross
rate of ozone formation. Therefore, at least 98 per cent of
natural ozone destruction is brought about by processes in the
stratosphere, probably photochemical reactions.

Loss of ozone by water reactions.--The free radicals based

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

by the photolysis of ozone below 310 nm.

O, + hv (below 310 nm) > O

5 + o(lp) | (34)

2
1 '
O(D) + M>0+ M

o(lp) + H,0 ~ 2HO

O(lD) + CH, - HO + CH

4 3

CH3 + 027—* H2CO + HO

M
-—*'CH3OO

H2CO + hv-[: H2 + CO
‘ H + HCO
H+ 0, +M~> HOO + M

2

HCO + O2 -+ HOO + CO
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From laboratory studies a number of reactions have been
demonstrated and rate constants evaluated for HOx reactions. The
known reactions in this system include

(H) H +‘o3 -+ HO + o2 (35)

H + 0, + M > HOO + M

(HO) HO + O > H + O, ‘ (36)

HO + HO ~ H20 + O

HO + HO + M -~ H202 + M

HO + HOO -~ HZO + O2

, (37

HOO + HOO -~ H202 + O2

(HOO) HOO + O - HO + O

(H202) H202 + O > HO + HOO (38)

H202 + hv > HO + HO

H202 + HO - H20 + HOO

(v*) HO(v>3) + O, > H+ 0, + O

3 2 2 (39)

The rate constants for these reactions are given in references
32-35, 5, 12, and in other references cited there. There has been
a great deal of activity in this field during the immediate past,
and some of the recent estimates have varied rather widely, for

example, the ratio of rate constants k4/k5 for the reactions

(R4) O(lD) + H.,O > 2HO (40)

2

1 .
(R5) oO(°D) + O2 >~ 0 + O2

has been reported as 10.7 (ref. 33a 1971), 4.2 (ref. 3 3b,1971),
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and 0.12 (ref. 33&,1970). In the stratosphere, the important
gquantity is the ratio of rate constant of O(lD) with water and
with air, since this determines the fraction of O(lD)'that goes
to form two hydroxyl radicals. It appears that this important
ratio is not yet satisfactorily known, although this situation
will probably be corrected very soon, in view of current active
interest.
The reaction of O(lD) with water to form hydroxyl radicals
was discovered36 by McGrath and Norrish in 1960. They then speculated
that the chain decomposition of wet ozone by ultraviolet light was

brought about by the reactions

(R6) HO + o3 -~ HOO + o2 (41)
(R7) HOO + o3 >~ HO + 0, + o2
net: 203 - 302

37

Kaufman (1964) attempted to measure the first of these reactions,
but it was not observed to occur. He was able to set a limit on

its rate

13 -1

k <.SXl0- cm3 molecule-l sec

6

Many unsuccessful attempts have been made to measure the rates of
these reactions. Recently Langley and McGrath12 have looked for

this reaction in a situation where it would produce a big effect

if it was present. They showed that reaction 6 is 5000 times

slower than the limit set by Kaufman, that is

-16 -1

cm3 moleculé_l sec (42)
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With this very low limit, the thermal chain reaction based on HO

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

unt38,39

H pointed out the need to consider loss processes for

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

and Norrish's hypothetical36 reaction chain for model calculations.

He replaced Kaufman's inequality37, k., < SXI0-13

6 , by an equality

kg = 5x107 13

14

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

the value of k., but the reaction must be rather slow as the rate

7
has not been measured yet...The ozone profile was...sensitive to
the value of k,...varying k., from 10713 o 1071 changed the total

O3 amount from 0.1 to 0.35 cm. STP". Thus by adjusting the rate
constant of this hypothetical reaction, one can calculate any
desired reduction of the total ozone column. In his article,
Hunt39 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, = 5><10—_13 and k, = 10_14.

6 7
' The demonstration by Langley and McGrath12 that k6 is less than
10-'16 shows that these water reactions are_ggg sufficient to
explain the ozone deficit. There is no longer any justification
for using these hypothetical reactions in stratospheric photochemical
modéls.
In terms of known chemical reactions, there are several

catalytic cycles involving the HOX system, but they are very minor

in effect below 45 km. Examples8 of such cycles are
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HO + O ~ H + o2 (43)
H+ 05 > HO + O,

net: 0 + O3 +'02 + O2
HO + O » H + 0, (44).

H + 02 + M > HOO + M

HOO + O » HO + O2

net: 0O + 0 »> O2

At high pressures (laboratory conditions) of water and ozone, an

energy chain involving vibrationally excited hydroxyl radicals
12

may occur

H + O, - HO(v<9) + O

3 (45)

2

HO(v>3) + Oy > H + 0, + O,

net: 203 - 302

Recently two key rate constants in the HOX system have been

found to be much larger than previously supposed

o(lp) + H,0 > 2HO | ‘ (46)

may be as much as 10 times faster than the deactivation of O(lD)
by air33a,whereas previous estimates indicated these rate constants

to be about the same size. The reaction

HO + HOO - H,0 + o2 o (47)

40

has been directly observed for the first time , and its rate constant

35

is 20 times larger than Kaufman's estimate. This large rate

constant, 2x10-lo, for an HOX termination step has the effect of
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reducing the calculated HOX below previous estimates. Also it is
so much larger than the rate constants for 2HOO - H202 + O2 and

2HO - H,O + O that one is not able to use Nicolet's ingenious

2
method32 of calculating the sum of HO and HOO. However, the large

increasesj?%ese two rate constants over their previously presumed
values tend to offset each other, and the total HO + HOO is
probably not greatly different from Nicolet's 1970 estimate.

In the summer of 1970, the reactions R6 and R7 were believed4l
to occur with large rate constants, and these reactions were the
primary basis of the "water model" of stratospheric ozone. At that
time the rate constants for deactivation of O(lD) by air and for
the reaction of O(lD) with water were not known; the rate constant
for HO + HOO was presumed to be 20 times lower than it has now
been found to be. Recall, however, a quotation41 from the SCEP
report (page 69): "Both carbon monoxide and nitrogen in its various
ioxide 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 water vapor and may be neglected".
Laboratory chemical kinetics is a predictive atmospheric science

only if one sticks to known reactions with measured and re-measured

and thoroughly verified rate constants. The use of rate constants

~of hypothetical reactions as adjustable parameters must be excluded.

We have an example, Hunt (1966) through SCEP (1970), where the
hypothetical water reactions were promoted from arbitrary artificial
models39 to where they were believed and used as a basis to dismiss

reactions of the oxides of nitrogen.41
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The other water reactions, Equations (43) and (44), can account
for about one per cent of the gross destruction rate of ozone, Which
is about the same as the effect of the reaction O(lD) + O3 > 202.
The full family of water reactions is not sufficient to account
for the ozone deficit demonstrated by Figure 8.

Conclusions: Not only are the HOx reactions inadequate to
explain the ozone deficit in the stratosphere, these reactions

are negligible in the ozone budget.

Anyone who has worked extensively with ozone in the laboratory is
aware that oxides of nitrogen in very small amounts greatly reduce
the yield of an ozonizer and increase the decomposition rate of
ozone in any experiment. At room temperature and with relatively
high concentrations of ozone, the dominant process is the thermal
catalytic reaction already discussed at length7, Equations (18)-(22).
Under conditions of the stratosphere (low temperature, low mole
fraction of ozone, and powerful ultraviolet radiation.field), the

dominant process whereby NOx (NO, NO N03) destroys ozone is the

2’

simple catalytic cycle

(R8) NO + o3 > No2 + o2 (48)
(R9) No2 + O > NO + o2
net: 0O + O3 > O2 + O2

Both ozone and oxygen atoms are destroyed, but nitric oxide and
nitrogen dioxide are not destroyed. The cycle can be repeated

indefinitely, limited by the rate of the second'step. This
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catalytic cycle occurs in competition with another, "do nothing"
cycle

(R8) NO + 0, > NO, + O, | (49)

(R10) NO., + hv(300-400 nm) - NO + O

2

(R3) O + o2 + M > 03 + M

net: no reaction

Thus reaction (R9) is the rate determining step in the catalytic
cycle.

In the lower stratosphere the steédy—state concentration of
oxygen atoms is very low and reactions involving it become slow.
Another catalytic cycle becomes very important in the lowest

stratosphere

NO, + O

) 3 > NO, + O, » (50)

3

NO, + hv(VISIBLE) -~ NO + O (DAY)

3 2

NO + O3 > NO2 + O2

net: 203 + hv(VISIBLE) -+ 30

2

This reaction is driven by visible light, which is abundant at low
elevations (unlike the radiation required to produce oxygen atoms).

This catalytic cycle, too, may involve a non-catalytic competing

reaction

- NO, + 0, > NO5 + O, . (51)

NO., + hv(below 560 nm) - NO, + O

3 2

O+ 0, +M>0,+M

net: no reaction




At night NO3

by both oxygen atoms

and the other is neut

NO, + O

2 3

adds to NO. to form N

-+ NO, + O
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5 205. The next-’day'NZO5 is destroyed

and by photolysis, one of which destroys ozone

ral

(52)

3 2

M

>

NO, + NO

3 2

N205 + O ~»

o)

N,

5 {(night)

2NO2 + O2 (next day)

o, +0

3 o)

net: 2

NO2

NO3 + NO2

N205 + hv -»

O + 02 + M

-

+O3

-

+ O

2

NO3 + O

N,Og

2NO2 + O

> O3 + M

2 (53)
(night)

(next day)

net: no reaction

The rate constan

NO2 + O > N

NO + O2 -+ N

NO2 + M > N

NO + O + M
NO + NO + O

NO2 + NO

-5

2

have been critically
Leeds University.42
that of reference 8;

compilation; and the

the sum of new data a

ts for the following reactions

0+ 0

2 (54)

O2 + O

O+ 0+ M

0., +
- NO2 M

+ NO, + NO

2 2 2

NO + NO + O2

by
evaluated and summarizqu?aulch and coworkers at

This wolume should be used in the same way as
new data should be added to this critical
status of each reaction should be based on

nd old.
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The following reactions

NO, + o3 + NO, + o2 (55)

NO3 + NO3 - 2NO2 + O2

M
NO3 + NO2 - NZOS

NO, + NO, > NO, + O, + NO

3 2 2 2
NO3 + NO ~» NO2 + NO2
M
N205 > NO2 + NO3

have been critically reviewed and tabulated in reference 7. The

primary photochemical processes in the photolysis of nitrogen dioxide

have been reviewed in detail by Leighton43

NO2 + hv(below 400 nm) - NO + O : (56)

The reaction of nitric oxide with ozone has been studied over a

range of temperature in three cases44

(R8) NO + O3 -> NO2 + O2

An interesting feature about this reaction is that a fraction (depending

on pressure) of the product NO, molecules emit chemiluminescent

2
light, which can be used as a sensitive analytical method for either
NO or 03. The values of the rate constants in units of cm3 molecule—1

sec_l as found by three investigators are:

12

1.33x10 ~° exp(-2.5/RT) ref. 44a
-12

0.95x10 exp (-2. 46 /RT) ref. 44b

1.97x10" 12 exp(-2.55/RT) ref. 44c
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These three investigations cover a wide range of reactant pressure

and temperature, 198-345°K, and they agree quite satisfactorily

with each other and with values observed at room temperature.44d

The rates of photolysis of NO3 and N205 and the rates of

reaction of oxygen atoms with N205 are not known. Whether the

reaction NO2 + O3 during the day leads to ozone destruction or not

depends respectively on whether NO3 is dissociated as NO + O2 or

NO, + O. During the night the reaction NO2 + 0, leads to N205, and

2 3

whether this leads to ozone destruction or not depends on the

relative rates (during the next day) of the reactions

N205 + 0 - 21\102 + o2 (57)

or

N205 + hv -» 2NO2 + 0.

In summary, the rate constants for the key NOx catalytic cycle

(NO + 03 - N02 + 02, NO2

some of the reactions of the secondary cycle initiated by NO2 + O3

+ O - NO + 02) are fairly well known, but

have not yet been adequately determined in the laboratory.
Apparently there are no measurements of the oxides of nitrogen
in the stratosphere. The concentration of nitric oxide at 70 km

45

has been observed to be about 50 parts per billion (ppb, parts

in 109). Nitrogen dioxide has been demonstrated to be present in

the lower stratosphere by infrared absorption46'47

, but quantitative
data were not obtained. 1In the troposphere48 the oxides of nitrogen
are about one to four ppb, soil bacteria are the principal source,
and rainfall is the principal mechanism for removal of NOx in the

form of nitric acid or dissolved nitrates. With a ground source

and upper tropospheric sink (dissolved nitrates), the gradient of
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NOx is a decrease with increasing elevation in the troposphere.

The boundary value of NOx at the tropopause must be about one ppb.48

45 The

The boundary value at the stratopause must be about 50 ppb.
direction of the diffusion flux is downward throughout the stratosphere,
and its mole fraction surely lies within the range of one to 50 ppb.
These general considerations suggest that we arbitrarily assume the
natural stratosphere to contain 10 ppb and 100 ppb for model
calculations of the effect of NOX on the ozone profile.

One of the observed ozone curves in Figufe 8 is reproduced
and given in Figure 10. The ozone profile calculated for uniform
backgrounds of NOX at 10 ppb and at 100 ppb are also given in

Figure 10. It is immediately obvious that uniform distributions of

NOx between 10 and 100 ppb are sufficient to account for the ozone

deficit shown by Figure 8. Crutzen4 and Johnstonl’2 have shown that
non-uniform distributions of NOx averaging respectively 12 and 6.6
ppb account very well for the actual ozone profile in the upper,
photochemically active stratosphere.

Conclusion: The oxides of nitrogen (NO and NOZ) at an average

8

mole fraction of about 10 - in the stratosphere are sufficient to

account for the ozone deficit shown by Figure 8.

Nitric acid.--From its infrared absorption spectrum, nitric
47,49

acid has been observed in the lower stratosphere. It is

formed50 by the bimolecular association

M
HO + NO2 > HNO3 (58)

which is in its transition region between third order and second

order kinetics. (The rate constant is not second order and it is
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not third order, but it is variable between these limits.) This
rate constant under stratospheric conditions is uncertain by a
factor of three or so. Nitric acid is both formed and destroyed

'by hydroxyl radicals

HO + HNO, ~ H,0 + No3 (59)

The rate constant for this reaction is known. Nitric acid is

photolyzed by ultraviolet radiation
HNO, + hv > HO + NO, (60)

. _
or H NO3

Wayne51 has suggested that the primary product may. be a hydrogen
atom, instead of the hydroxyl radical, at short wavelengths, but
this suggestion has not yet been tested. Nitric acid vapor has an

17 2
cm’”)

extremely large light-absorption cross section (about 10~
around 200 nm. The gquantum yield as a function of wavelength is
not known, and thus the rate of photolysis is not known. However,

if the quantum yield is close to unity below 250 nm then we can

make semi-quantitative statements about the balance between HNO

3
and NO2 in the stratosphere: (1) The steady state between HNO3 and NO2
favors HNO3 in the lowest stratosphere and favors NO2 above about
30 km. (2) The rate of attaining the steady state is slow (years)
(months)

in the lowest stratosphere and relatively fasEA?bove about 30 km.
There is a great need to establish the values of the rate constants

in this system.
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" A number of other reactions in the mixed HOx, NOx system have
been discussed, but the rate constants have not been measured,

such as

M
HO + NO - HNO (61)

2

HO + HNO2 > H20 +'NO2

HNO., + hv(300-400 nm) »> HO + NO

M
HOO + NO - HNO

2

3

M :
HOO + NO2 - HOONO2

HOO + NO - HO + NO2

Sources of ng

Sources of natural NOX.——Up to this point it has been argued

that the ozone deficit is a real problem, that atmospheric motions,

excited neutral oxygen, O (lA), o) (12), and O(lD), and the HOx

2 2
reactions are insufficient to account for the ozone deficit, and
that the NOx reactions are sufficient to explain the ozone deficit
if the natural NOx background is the order of magnitude of lO_8
mole fraction. Now the natural sources of NOx in the stratosphere
are considered.

If there were no sources or sinks of NOX in the stratosphere,
then the flux and background concentration of NOx could be calculated
by means of the eddy diffusion equation from the boundary values

of 50 ppb at the stratopause and about 1 ppb at the tropopause.

Such a background is given by one of the curves in Figure 11.
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terms of this model
In'/\the average NOx background (that is, the total column of

stratospheric NOX divided by the total column of all stratospheric

gases) is 2.3 ppb, and this is the minimum value, consistent with

the boundary conditions. The flux for this model is 0.015><lO8

molecules cm_2 sec_1 if the diffusion constant Kz is 103 cm2 sec_l,

and it is 0.15><108 if Kz is 104, presumably the range to be expected

in the stratosphere.31b
There is a recently-recognized natural source of NOx inside

the stratosphere: Crutzens, McElroySl, Nicolet.52

Bacteria in the
soil and perhaps in surface ocean waters produce a small amount of
nitrous oxide Nzo as a part of the nitrogen cycle. Niﬁrous oxide
resembles carbon dioxide in many respects. It is virtually inert in
the troposphere, and it has.a natural background value of 0.25 parts
per million, ppm. It diffuses up into the stratosphere where it

is photolyzed

250 to 320, weak )
NZO + hV(lSO to 220, moderate > N2 + 0 (62)
and where it reacts with singlet oxygen atoms53
1 . . e
N,0 + O("D) + N, + 0, 50% (63)

NO + NO 50%

The flux of NO into the stratosphere from this source, according

to Crutzen, is between 0.29><108 molecules cm_2 (KZ = lO3 ’

kg = 8x10" 1) ana 1.5x108 (K, = 104, kg = ax10” 11

produce a steady-state of NOx in the troposphere as given by

). These sources

Figure 11l. These quantities of NOx are large enough to cut the

clean-air ozone in half and to account for the ozone deficit.
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1,2 This estimate of

Figure 11 also gives a curve, Johnston.
the NOx background was deduced as a result of a systematic
exploration of the effect of NO_ on the steady-state ozone profile.
Since the HOx reactions were shown to contribute only one or'two

percent to ozone destruction, these reactions were omitted. The

steady-state calculations were made with a narrow grid of elevation
(every kilometer from 15 to 50), a narrow grid of solar radia-

tion (every nm from 190 to 400 nm), a narrow grid of solar angles
(every 5 degrees averaged over 24 hours), a standard pressure and

temperature model for the stratosphere, and the standard time was
the solar equinox. The rate constants used were based on known
reactions with rate constants established in the laboratory. There
were no adjustable parameters. Thus the method could be used to
explore the effect of one unknown parameter, namely the NOx back-
ground. Although a uniform NOX background is a highly improbable
distribution, mddel calculations were made for a wide range of

uniform distributions with mole fractions of NOX varying from 10_ll

to 10_6. A large number of calculations. were made with non-uniform
distributions of NOX, where the distributions were selected with

an eye to a 50 ppb boundary value at the stratopause, to a one ppb
boundary value at the tropopause, to a natural source (such as NZO)
in the body of the stratosphere, and to a natural sink (HNO3) in
the lowest stratosphere. Ozone profiles (calculated on an absolute

basis) were compared with observed profiles54

with respect to shape
in the upper half of the stratosphere, the total vertical column,
and the elevation of the maximum ozone concentration. The selected

background distribution is compared with Crutzen's distributions
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and the diffusion model in Figure 1l. Crutzen included HNO3 in

his inventory of NOx and I excluded it. This different method

of bookkeeping accounts for the large difference between us in the .

lower stratosphere. In other respects the agreement between Crutzen
Johnston |

and /\Aas to the natural background is rather good, although they

were derived in considerably different ways. (This background was

used in the Science article2 and in the UCRL reportl to demonstrate

that the extent of vertical spread of artificial NOx in the

stratosphere is itself an important variable in this problem:

For a given stratospheric load of NoX addeq to this natural
background, the reduction in ozone, steady state calculation,
varied between 3 per cent and 50 per cent, depending on the
thickness of spread of the artificial NOX.)

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

2
and its degree of conversion to NO there has also been made by

51

Nicolet52 and by McElroy. Their results and Crutzen's are:

Range of calculated NOx flux

in units of molecules_cm_2 sec'lXIO8 Author Ref.
0.29 to 1.5 Crutzen 5
1.5+1.0 Nicolet 52

0.25 to 0.65 McElroy 51

McElroy compared the limited data on the observed N,O profile in

2
the stratosphere with the prediction made by different values of
the vertical diffusion coefficient K, . He obtained his best agree-

ment of calculated and observed NZO profile in the stratosphere

with Kz = 103, for which the associated value of the flux of NO in
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the stratosphere is the low extreme, 0.25><108 molecules cm'.'2 sec_l.

The elevation of maximum rate of NO formation was 24 kilometers.

Conclusions: (1) The reaction of ﬁitrous o#ide with singlet
oxygen atoms is the most important known source of NOx in the
natural stratosphere. (2) This source strength is adequate to
build up a steady state of NOX in the stratosphere high enough to
account for the observed ozone deficit. (3) Three different
investigators obtained comparable estimates for the NOX source
strength.

Comparison of the chemical mechanisms for ozone balance.--For

the two models of an NOX background shown in Figure 11 (diffusion
model and Johnston's model in the Science articlez) and for a model
for stratospheric watér, the relative effects of NOX, Ox, and Hoxhon
the integrated column rate of ozone destruction is given in Table 1.
It can be seen that in the present natural sﬁratbsphere, NOx is the
dominant agent for ozone control. It is more than 50 times as

important as the water reactions.12

Artificial source of NOx from the SST.--The exhaust gases of
the SST contain some NOX. Various estimates'of this quantity have
covered a fairly wide range. A definite way to define the quantity
is in units of grams of NO from the exhaust per kilogram of fuel
burned. 1In these units the SCEP report4l gave 42 grams NO per kilo-
gram of fuel. I used the figurel’2 of 14.8 grams of NO per kilogram
of fuel. A number of calculations have been made based on a fleet

55

of 500 SST or Concordes™, but of course the number of craft is

another independent variable. Recent measurements reported by
56

McAdams show that the SST would have emitted between 20 and 30 grams

of NO per kilogram of fuel, which is 5 or 10 times greater than a

number of estimates made in the spring of 1971.
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Table 1. Column contributions to gross rate of formation of

ozone for different models of background oxides of

nitrogen. (Units 1 molecules cm_2 sec )

Process _ ozone rate
model 1 model 2
0, photolysis +91 +108
NO_ -64 —88.
o, =26 -19
HO_ | -1.4 -1.4

model 1. 1 ppb at 15 km, 50 ppb at 45 km, logarithmic
interpolation (similar to diffusion model of
Figure 10).

model 2. Item 27, Tablevl, reference 2.
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regularly
If 500 SST fle@min the stratosphere 7 hours per day, there

would eventﬁally develop a new steady-state distribution of NOX

in the stratosphere. The new artificial flux of NO would spread
horizontally and vertically to a varying degree. The final NO
inventory of the stratosphere would depend on numerous_complex
atmospheric motions and many photochemical reactions. A largé
problem would be the nitric acid reservoir and vertical distribution.
This complex superposition of atmosphéric motions and photochemistry
constitutes an extremely difficult problem, which eventually

should be worked out.

On the other hand, it is not necesséry to work out this extremely
complex problem to get an estimate of the size of the problem
itself. 500 SST each burning 66 tons of fuel per hour, each flying
7 hours per day in the stratosphere, and each emitting 15 grams
éf NO per kilogram of fuel would ¢onstitute a world-wide average
flux of NO of l.5><108 molecules cm_2 sec_l (If the number of planes,
fuel per hour, hours per day, or NO in g/kg are other than the
values.given above, this figure can be scaled up or down accordingly).
This artificial flux is equal to Nicolet's estimate of the naﬁural
NO_ flux (although he indicated uncertainty by a plus or minus 67%).
This flux of l.5><108 is equal to Crutzen's estimate of the maximum
natural value and it is over 5 times greater than his low estimate
of 0.29><108 molecules cm_2 sec_l, The world-wide average SST flux

of NO into the stratosphere is 2.3 times greater than McElroy's

maximum estimate of the natural NO flux, and it is 6 times his low

estimate.
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To be sure, the NOX from the SST encounters all the complexities
of stratospheric dynamics and photochemistry, but the natural NO

produced from N,.O around 24 kilometers is also subject to these

2
complexities of stratospheric dynamics and photochemistry. The
present NOx flux (subject to all the stratospheric complexities)
builds up to such a point that it seems to be the agent that reduces
the otherwise pure air ozone column by about a factor of two on a
world wide basis. If the artificial flux is equal to or up to six
times larger than the natural flux, then as a first approximation
one can expect stratospheric NOx to increase by a factor between
two and seven. If one measure of NOx (the natural flﬁx) has reduced
the natural worldwide ozone by about a factor of two, then two to
seven measures of NOx (the natural plus the artificial flux)
threatens to reduce the ozone shield by another very large amount,

a 25 to 50 percent reduction on a world wide basis appears to be
the size of the threat.

The NO_ flux from the natural NZO mechanism as estimated by
Crutzen and by

ﬁchquy is indicated by a bar graph in Figure 12, where high
and low estimates are given. The expected:ﬂuxesof NOx from 500
Concordes&%nd from 500 SST are also given on this figure. It can
be easily visualized from Figure 12 that the projected artificial
source of NOX from the SST is equal to or greater than the natural
source of NOX. It is difficult to conceive a model that would lead
one to expect the artificial NOx to behave quite differently from

the natural NOX.
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Conclusions: It is easier to get a grasp on the magnitude

of the threat to the ozon; shield from artificial NOx if one compares
natural and artificial source strengths of NOX, instead of trying

to compare the stratospheric inventory of NOX before and after SST
flights. 1In terms of relative source strengths, it appears that

500 SST will inject NOX into the stratosphere at a rate equal to

or several times greater than the natural source strength. Since

the natural NO  already exerts the dominant role in controlling the
stratospheric ozone inventory, such an increase in source strength

will probably bring about a large reduction in the world's ozone

shield.

Discussion

In previous reportsl’z, I have presented evidence that the
oxides of nitrogen, which previously had been neglected, are an

important variable in stratospheric photochemistry, and it may not

"be neglected.4l" The evidence that NOx is an important variable
took the form of several different model calculations; there was

no attempt to solve the complete problem of all the stratosphere.
One calcqlation (Tables 5 and 6 of reference 1) was based exclugive-
ly on chemistry; it showed thét for the stratospheric range of
temperature and pressure, and for the amount of NO_ that the SCEP
report41 said would be added to the stratosphere, the rate of
destruction of stratospheric ozone by NOx (NO, NOZ) was faster than
the rate of ozone destruction by O, (o, 0, 03) for 95% of

range of independent variables, and the reaction rates were fast
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enough to be significant for 90 per cent of the range of these
variables. Another line of calculations involved about an equal
blend of chemistry and atmospheric structure; it was shown™:
"Although fhe calculation of steady-state pfofiles of ozone on

the basis of photochemical theory gives an incomplete account of
all the variables of the stratosphere, such calculations have been
made for a wide range of conditions, and in every case it is found
that NOx has a profound effebt in reducing the steady-state ozone
column. These calculations over a wide range of conditions give
strong evidence for the vulnerability of the stratosphere to added
man-made NO_*".

This report specifically illustrates that laboratory chemical
kinetics can supply accurate predictions, both in the laboratory
and in the atmosphere. However, one must follow strict rules to do
so. One must adhere to measured and verified rate constants. One
must never use unknown rate constants as adjustable parameters in

atmospheric calculations.
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In previous reportsl_6 available rate constants were used to
calculate the direction of change of stratospheric ozone upon

addition of NOX. A wide range of NOx distributions were considered,

and in all cases additional NOx resulted in a decrease in stratospheric

ozone. These calculations of the relative effect of increased NOX
are fairly insensitive to the absolute value of the pertinent rate
constants. In this report an absolute value of the ozone concentra-
tion in pure air is calculated, and it is concluded that "something
else" besides neutral oxygen species is dominant in reducing
stratospheric ozone (compare similar conclusions in reference 4).
This calculation depends on the absolute value of two rate constants
and is thus sensitive to the accuracy of these quantities. If the
ratio k2/k3 in conditions of the upper half of the stratosphere
should turn out (after further, refined laboratory measurement) to
be four-fold or more less than the value used here, then the "ozone
deficit" argument would be largely eliminéted, that is, NOx would
not now be dominant in the stratospheric ozone balance. Even so,
the effect of large artificial additions of NO is subject to the

1,2,6,

considerations of the previous reports large increases of

NO and NO2 as such would have a large effect on ozone, but large

increases as HNO3 would have a smaller effect.
In this problem, laboratory chemical kinetics serves in a role
analogous to a grand jury: on the basis of current knowledge NOx

is an important variable in the stratosphere, it must be "brought

to trial", it may not "be neglected". A grand jury does not attempt
to prove guilt or innocence; it merely certifies whether a case

should be tried. The CIAP program should serve the role of "trial
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by jury" on this issue. Knowledge must be developed as to the
concentration and distribution of NOX in the stratosphere, as it

is now and as it would be after full operation of the SST.
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Titles to Figures

Schematic diagram of a crossed molecular-beam apparatus
and.a constant-volume reaction flask, illustrating the
range of quantities observed in gas-phase reaction
kinetics.

Experimental data for the unimolecular decomposition

of nitrogen pentoxide, NZOS’ showing the large effect

of the non-equilibrium distribution of N205 over its
vibrational states when reaction occurs.

Experimental data and calculated lines for the N205
catalyzed decomposition of ozone. The prediction of

the rate of one laboratory reaction from laboratory
measurements made on other reactions. Note the unusual
rate law: k[N205]2/3[O3]2/3.

The observed vertical profile of Oz(lAg) and the profile
calculated on the basis of photochemical constants
observed in the laboratory.

Consistency test for quality of data. The ratio of rate
constants kl/kzlas observed in the laboratory and analyzed
by NSRDS-NBS-20 compared to the equilibrium constant Kl’
obtained from JANAF thermochemical tables

1 3 2

5 O+ 0, + M~ 0, + M chemical kinetics

k3 o + O3 > O2 + O2

k, O, +M>0,+ 0+ M

k

Kl = [02][0]/[03] thermodynamics.
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Points, the observed values of k2; line, k2 calculated

from k2 = kl/Kl (Data points from NBS-20, reference 8).
The collective data for k, (1906-1966) as reviewed in
NBS-20, O; data recently observed20 at 15@ temperatures,
®; the line used by references 1 and 2.

Ozone profiles observed at Panama (9°N) and ozone pro-
files calculated from a model of pure dry air. The
difference between the observed and calculated (pure
air) curve is referred to as the "ozone deficit".

Rate vectors in the ozone balance: A. Gross rate of
formation of ozone from photolysis of oxygen; B. rate
of destruction of odd oxygen (ozone) by chemical reac-
tions; C. net rate of transfer of ozone by air motions.
Cases I, II, IIT, local steady-state considering
photochemistry, chemistry, and air'transport. Cases

Iv, V, VI, unbalanced A, B, C leading to net increase
in local ozone concentration.

An ozone profile observed at Panama (9°N) and ozone
profiles celculated for the equator with uniform NOX
mole fractions of 10 ppb and 100 ppb. NOX is sufficient
to account for the ozone deficit.

Natural background of NOXVas deduced from various
models and methods. Crutzen's models derived from

the reaction of N20 and O(lD) in the stratosphere.
Diffusion model based on boundary values of 50 ppb NOX
at stratopause and one ppb at tropopause. Johnston's

model is entry 5, Table 17, reference 1 or entry 27,

Table 1, reference 2.
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Relative source strengths of NOx in the stratosphere,
including the natural source [N20 + O(lD)] as calculated
by references 5 and 51 and the world-wide average source

strength from 500 SST according to different estimations.
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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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