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Abstract
Ozone is formed in the stratosphere by the dissociation of oxygsn z7 ultraviclet
radiation below 242 nm. Ozone is ramoved from the stratosphere by (a) the reactisn of
oxygen atoms and ozone,  (b) by transport to the trogposphere, {c¢) by catalytic resactions
wirh free radicals based on water, and {(d) by catalytic reactions with tha oxides of
nitrogan. The most important factor in the natural rémoval of strahtospheric ozone
appears to be catalytic cycles based on the oxides of nitrogen. The natural source of
nitric oxide in the stratosphere has bsen tentativelj idantified, and the sources strength
has been calculated by three different aneSnga ors. There is zhout a factor oi four
wncertainty in the natural rate of injection of nitric oxide in the stratosphere. There
iz about a factor of four uncertainty in the calculated rate of introduction of nitric
oxide in the stratosphere from full scale operation of supersonic tran 1sports of current
and past designs. Within these two ranges of uncertainty, 500 supersonic transpo* ’
would introduce nlurlc oxide in the stratosahere at a rate comparable to the known
natural sources. : .

Introduction

Dur;ng the period 1930-1960 it aopoared that the global ozone balance could be

explained in terms of the photochemistry of pure air and in terms of air motions. Doubts

about the adequacy of this scheme became apparent in 1961 and became couuelling by 1985..
There appeared to be a large unbalanced production of ozone when only purs air photo-
chemistry and air motions were considered. In efforts to explain this unbalanced ozone

. production, a set of "water reactions” was postulated in 1966, and a ratural background

of the oxides of nitrogen in the stratosphere was postulated in 1970. fThis article

raviews the history of these considerations of the global ozone balance and gives a

current estimate of the sufficiency of pure air reactions including air transport in
giving a global ozone balance. The relative importance of the water reactions and
reactions of the oxides of nitrogen is reviewed, and remaining unknown factors ars
discussed. Natural sources and sinks of the oxides of nitrogen in the stratosphara are
discussed, and the natural sources are compared wlth the expected artificial source from
the exhaust gases of supersonic transports. : IR

1. Unbalanced Ozone Production

A. History!

The basic photochemical theory of stratospheric ozone was develoooc by Chapman? in
1939. ‘<The mechanism involves two photochemical and two chemical reacblc“s. These
" reactions and the corresponding rate relations are as follows- . .
(R1) 0, + hy > 0+ 0 R = ]1[02]
(R2) O + 0, + M > 0, + M R = k,[M][02]10])
(R3) O + hv - C; + O .. R =3:003]
*T
SquarevhracAe s re;resent gas concentrations, in this report given as mclazcules ca— ¥,
Th2 rate censtants k are functions of temperature. The photochemical cosfficienis j arxes
functions of incoming solar radiation, solar angle, all overhead species that absorb the
¢cnamically effective radiation, and on the molecular properties of oxvgen and ozgsne.
Within a few seconds!, oxygen atoms attain a steady-state with raspect to local czona
01, = 33(031/k2 {021 M] - EEERRTRE I &3
uhe st atosphere ware static, ozone would attain a photocthemical stealy-stata

1
/Jx kz[‘!] 2 - .
(031, = 102} \Sr— T (2)

ran time. £0r attaining this steady state is

1 . i . : - ' '
3 2 '
= ifka (M) : , (3
F\313, : : : ,
relaxation times are a Few hours at 45 km, a few éavs at 35 ko, a faw menchs at
and nanv years at 15 km. {n the lower strakcsphere, alr motions are much fasterx
tii2 phocochamical equilibration rates. A *onpdrison otf obsazrved czone concenhrations

'
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. observed ozone and the amount calculated from the Chapman model with ==z

- Hunt ‘pointed out that if ks were ‘as 1arge as 5x10~
‘as large as 10~!* ¢m® molecule~
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S with calculated vertical steady—statelprofiles indicates that much of the ozone at and

below 20 km wa$s brought there by vertical components of air motions rather than being
produced thesw vy Huuuughﬂmlstry. A comparison of observed ozons at Ligh lacitudes with . ° -
the gquantities calculated from a static photochemical rmodel shows tha“ much of thz szone

in polar recgicens was brought there by horizontal coroonenta of air. rot-,n

.buring the period 1930-60, it appeared that the Cnapman onotoche"¢cal mechanism

- plus considarations of air transport gave a satisfactory global palancs hetween ozon2

production and destruction. The rate constants k, and ks had been hcaourﬁd in the -’
laboratorv in the 1930's. The cross sections ¢ for llgnt aosorptxon :

-d FnI = g[AldL ) B . ‘  ':'(4i

“for Oy (g,) and for O; (g;) had also been obtained from’ lauoratory measuresents:  In

early years of the Chapman model, the solar intensity above the atmosshare was calculated

"from tha Planck radiation equatidn'and a temperature for the surface of the sun. During

the 1950's and early 1960's, new values of the rate constants k2 and x. were obtainad. .
The "actual distribution of solar radiation above the atrosonere was cs:alned fror rocket
flights. E

-In 1961 Ditsch? poinﬁed.out that. tnere appeared to be a dlscrepa <y

rate constants and solar .intensity. Dilitsch said that one should wait unt
wWOrK wWas conxlrned or not, and he advised ozone scientists to keep an éve

field.

Between 1960 and 1963, there were major advances in the laboratory with reapect_to
reactions oi oxygen atoms, oxygen ‘molecules, and ozone, lncludlng the 2ffect of excited
electronic states of oxygen atoms and molecules. By 1965 the discrepancy betwesen the '
predictions of the ‘Chapman mechanism and the observed patterns of ozone had become so

reat that Hunt® presnnted'a strong case for "The Need for a Modified Photochemical .
mheory of the Ozonosphere". -At first, Hunt assumed that excited electronic states of O
and Q: mignht account for the dlscrepancy, but he showed these reactions to be far too

"slow. Next, Hunt discussed the reactions of free radicals based on water (H, HO, HOO),

abbreviated HOyx. He examined two reactions that, although never observed dlrectly, had
been discussed in ozone photochemlstry ‘ .

(R5) HO + 03 s hOO +-0g . L - - : } o (5)
(RG) HOO +_03 - Ho+ 0, + 02 L . - )

net: 20, + 302 : ' S - U RN
I3 ¢m?® rmoleculé~! sec~! and if k¢ were
sec~!, then this catalytic chain reaction would be
adegquate to explain the apparently unbalanced production of ozone. 1Intensive labcratory.
studies of these reactions have bean underway. The first direct neasurement;‘/‘ rzactions
5 and & were reported late in 1972, and the observed rate constants are sunseantially
less than the values required by Hunt. It appears that the water resactions are inad eguate
to account for the observed ozone in the stratosphere, although these reactions are =
important in the upper stratosphere (above 40 km). The role of HOyx free radicals has
been the subject of 'several recent reviews.’ : S ' o .

1

A very careful analysis of the problom of unbalanced ozone prodtction was given by

"Brewer and Wilson® in 1968 They asked if the ozone balance could be reconciled within

the combined uncertainties in solar 1nten51ty, in values of the rate constants for both
the Chapman reactions and -the water reactions; .and in the nagnltude of atmospheric
moticns. They concluded that a global ozone balance could be found within the framework.
of tha accumulated uncertainties, but they were not satisfied with ths pattern of air :

,no*len:.uzat was implisd. Also the rate constants for the Chapman reacticns that Brawer

and Wilscn used are not consistent with present day values.‘ With currsnt valuss of the
apprcpriate constants, one concludes that the Chapman reactions plus the watar reactions
are inadequate to account for the chemistry of.ozone in the stratosphers. :

The occurrence of ox;des of nltrogen, NO and Voz,‘(abbreviated as NO,} in the C
stratoso.eze has been discussed by Nicolet® since 1945. Although no dirsct mesasurements

of these species in the stratosphere had been made until very -recently, Nicolet has
discussed the many reactions that they can undergo.' He estimated (in *965) that the

1ot

" order of maqqltude 0f NOy in-the stratosphere is about ‘one or so parts pé&r billion by

volura (parts in 10%, pob). Ozone, on the other hand, is typically 1 Zo 10 parts per
million in the stratosphere. Because of this great discrepancy in amount of NOyx and
ozoue, it did not appear to Hunt in 1966 that NOy would be important in the stratospheric
ozona balance. Two other lines of development, however, lead to a different ﬁn*lu;_on.

During 1956-67, Johnston!? prepared a critical review of all available punllsn_d

) laboratory studies of ozone chemical kinetics ‘and photochemistry, going back to 1900.
© Much of the early data showed satisfactory precision, but very large discrapancies from

on2 LﬂJ“StlgatOI to another. Such discrepancies wiere traced to catalviic destruction

of ozonz by certain surfaces, by catalytic cycles based on the water r=2actions, and bv
several catalytic ¢ycles based on the oxides of nltrogen. This review was the irFediate
background of the proposal'' made in 1971 that oxides of nitrogen in th2 stratosphere
would be vary active in the ozone balance, even if present at only 0.1 oer cant of the

“@zon2 ircself. .




Tn 1968 and 1969 Murcray, Murcray, Kyle, and Williams'? reported the dirmc:
i in

observation of substantial amounts (about 3 ppb) of nitric acid vapor, #HiG., the _

stratosphece. In the -stratosphere nitric acid is, to some extent, Zuicken down to the

actcive oxlides of nitrogan, NO: and MO, by sunlight and by active free radicals such as

K. Crutzen'? reasoned that if nitric acid vapor.is present in the stra atcsshere, then

the active oxides of nitrogen would be epected in comparable amounts, and he proposzd

the following catalytic cycle to rectify the unbalanced production of ozone ' .
(R7) NO + O0; 5 10, + 03 _ , . , (8

. . ks
{28) NO, + O 4 NO + 0O,

n;t.O;+O—>Oz+02

we combined effect of reactions 7 and 8 is the same as the dLrect effzct of reaction 4
n the Chapran mechanism. At a typical stratospheric temperature, howaver; tha rate
constant for reaction. 8 is 10,000 times greater than that for reaction

He o]

J)

B, Current Status

A special computation was designed for the ‘purpose of testing the sufficiency of
the Chapnman mechanism plus air transport in accounting for the gloaal ozone balance.!
This conputatlonal procedure does not use the steady-state assumption for ozone. The
computational procedure is indicated by Figqure 1. We start with measured, average
distributions of ozone (for example, Figure 3) and with standard distributions of
remperaturs (for example, Figure 2). As indicated in Figure 1, & planar wave of sunlight
(Figure 4, in part) impinges on the spherical earth. ' The grid of elevation, longitude,
anéd latitude gives 43000 volume elemeats. The flux of sunlight for each nanometer
wavelength above 190 nm is calculated in each volume element, The various orientations
of the earth give rise to all hours of the day at one p01nt in time. The stesady-state

“concentration.of oxygen atoms (Equation 1) is calculated in each volume elerment. The
- instantaneous rate of each elementary reaction, 1-4, is evaluated in each voclume element.

At a given elevation and latitude, the rates of the elementary reactions are averagad
over longitude to give zonal averages of various rates, which are illustrated by figures
analogous to Figure 2 or 3. Further integration over elevation from the t*opopau;e to
45 km gives vertigal column rates, and integration of column rates over latitude gives
global stratospheric rates. . o -

This computatlon has a narrow purpose, and in this way it aVOLdS ‘'sore of the
complexities of atmospheric motions that are faced by more general analyses. The
transport of ozone from one part of the stratosphere to another would cancal out in this
corputation, which sums over the entire stratosphere. The volume integral of the.
rransport of ozone over the entire stratosphere is simply the flux of ozone acrdss the
boundaries. The flux of ozone across the tropopause has been evaluated by several .
Gifferent investigators's* , and the flux ozone across the stratopzuse in that region of
photochamical steady state is not 1rportaru. Sarple results are given in Table 1. :

Tamoersture (MG
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Pergaron Press, London, pp. 189- 199, 1354. M. Ackerman, Mesospheric Models and Related
o ’ Experiments, D. Reidel Publishing Co.,
Dordrecht, Holland,. pp. 149-139 {(1971).

Latitude

4BL 7204733

Table 1. Instaneaneous, global rates in the ozone balance (rates in units of
102? molecules sec™') . .

“
-

Global react101 rates R S

1 o : S S .+ - Jdan. 15 . March 22
Gross rate of O, formation 500 ,1T f 486 i B
Transport to troposphere (ref 8) . © -6 ';'; -6 '
Chemical loss (Chapman) ‘ - -86 70 . -89
S : linbalanced ozone production ' o 408. .. - 331

Approximately 80 per cent of the ozohe produced from sunlight fails to b2 balanced by
‘the Chapman -mechanism and by transport to the tropopause. This large unbalance betwezan
ozonre production and destruction by Chapman reactions 'as given in Table 1 is based on .
" the central values of a number of experimental quantities. The experimental quantities
H have a range of uncertainty, and oné naturally asks whether the calculated unbalance of
H : ozone can be due to experimental error in the rate constants or in other data. To
U examine this question, we deliberately varied the input data for ons variable at a time
} by various arbitrary factors and repeated the entire calculation. It was found.that the
Chapman reactions plus transport could ‘give a global ozone balance for each of the
rollowing nghlv pe*turbed conditions: S E
g . 1. ‘The intensity of radiation above the atmospbere at wavelnn +ths below 303 nm‘is
oo reduced by a factor of five (note the heavy line in Figure 4). T
v 2. ~The ozone vartical profile retalns its same shape but is’ displaced upward by
B i3 kilometers over the entire glone. :
3.  The absolute temperature is increased by 50°XK everywhere.
4. The cross section o, for radiation absorption bv oxygen is dacrsased by a factor
of five (note the heavy line in Figure 6). :
5. Tha cross section ¢3; for radiation aosorotlon by ozone .is increasad bj a eaceor
cf five ‘(note.the heavy line . in Figure 5). S :

e

"6. Tne rate constant k. is- dec&eased Dj a factor of flve ( oe_ tn= nzavy. llna in
Figure B). : - I T .

: 7. The raté constant k, is increased by a factor OL flve (:oee :he‘heavy'line ig
Figure 7). . : o - ) :

The primary data for the five quantities, Io, G2, Ta, k2, and X, ars praseanted in
Figuras 4-83. The central curve drawn ehrough the points corresgonds t2 the values usa
to obtain Table 1. ‘The heavy curve offset £from the experlmental data corresoonds to how
far one must go from the experimental data in order to force an ag:eement batwaen ozona
formation and destruction in terms of the Chapman mechanism alcne The results in Table
1 are derived from the data given by Figures 2-8. We have underway a "Monte Carlo”
.calculation that combines in a random way the errors from the varicus comgonent guantities.

these calculations are not yet complete, we are beginning to g2t an estimate of
the standard deviation of the unbalanced ozone produceLoq from the cowbined effect of
several sources of ‘error. It appears improbable that the unbalanced ozona oroduction

shown in r"ax::l-e 1 is due to ewperlmental error in tho compo"°re quanc‘tlas
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.are multiplied by two, they give the gross rate of procuctlon of ozone f

" than the value glvnn in Figure 10. For the contour -10° (written .as E
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I¢ is instructive to examine in detail some of the data, which were in
give the results of Table 1. Figure 9 gives contour lines for the concent
oxygon atoms. fhis rfigure illustrates that the stratosphere is not a unif
but it is strongly stratified. Ozone is destroved by oxygen atoms both by
and reaction 8. The stratdsphere at 60°N and 12 xm, for example, has ar
atom concentration of about 10° molecules cm™ It is, chemically- aaﬂaﬂxng,
di fierent region from the sunlit stratosphere at 20 km where the oxvgen atom
is about 10° molecules cm~?. Reaction & is vanishingly slow where the co"cent

oxygen atoms is 10* cm~?, but it occurs at a significant rate if [0] is 10° an
above 10 molecules cm~?. This discussion pertalns to the flight of regular j
in the polar stratosphere as compared to supersonic transports in .the stratoss
20 km, With respsct to rate of destruction of ozone, flights at 20 xzm are abo:
worse than the same flight at 12 km, even though both flights are‘"in‘the a
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Flgure 10 gives ‘the rate of photolysis of oxvgen as zonal ave*ages

If ozons production persisted at each point at the rate given in Ficgure
2 . .
the czon2 concentration would build up to a value in wolecuLes cm™ that
5}
of ozone produced. in one year would build up to the maximum concentratio 2
(compare Figure 3) in the entire stratosphere.  This ozone production rate diss beslow. -
19 %m in the tropical region and is about 24 km at the summer pole. Downward and

horizontal air motions are dominant in setting the distribution of ozsne in the lowar

"stratosphere’,'but'there-is also a substantial amount of photochemical czone production

down to 20 km in Ehe equatorial and summer temperate zones.

The rate of destruction of ozone by means of the Chapman reactlo1, O ¥ 03 > 02 + 0,,

" is given by Figure ll for a standard January lS.

The alfference'between ozone producLlon (2]1[02]) and destructlon (2(3{0][03])
according to the Chapman mechanism is given by Figure 12.. This unbalanc=d ozone
production is 4x10°3 31 pmolecules sec-! on a global basis (Table 1). The g;obal inventory
of stratospheric ozone is about 4x10°7 molecules. If the unbalanced production of oczona
given by the Chapman mechanism persisted for 10° seconds (or about 12 days), it would
decuble the world's inventory of ozone. Clearly, there must b° some powerFLl necnanlsm

"for ozong destructidn other than ‘the Chapman reactlons.

Table 1 -and Figure 12 provide very strong evidence that the Chapman mechanism- and
air transport are insufficient to account for the present quantlty and dlstklbublon of-
global ozone. "Something else" in the stratosphere must be very important in the
natural ozone balance. At present, it appears that this "something else" is the ox’des

- of nitrogen or the oxides of nitrogen plus the free radlcals based on vater.

1I. Reactions of the Oxides of Nltrogen:
2. The NO, Catalytic Cycle!®,13,1%

Th=2 most important reactions of the ox1des of nltrogen w1th ozone are belleved to
involve the three reactlons . .

(R7) NO + 03 - NO; + O (ref. .16)
{R8) MO, + O » NO + O, ‘ (ref. 17).
AR9) NO2 + hv = NO + O . {xef. 18)

" The rate constants for these reactions havo been obtalned.repeatedly in the laboratory,
including studies at stratospheric temperatures and pressures. There is rsasonadly
good agrsement between different investigators of these reactions. The resactions.
corbine in two different competing cyclic processes. The catal ytlc cycls for ozone

'destLLCt‘On is . : L ] )
{27) .NO + O3 - NO, + O - . e (- O
(R8) NO, + O + NO + O, | ' R .

ret: O3 + O =~ 0z + Oz - _
nerz is a parallel "do-nothing" éycle- y o S . .
(R7) - NO + 03 »NO, + 05 . . .. Ty
(R3) NO, + hv » NO + 0 ' I Co '
(R2) O + 02 + M~ 03 + M

net: no chemical reaction

of destruction of ozone with the oxides of nit ogeﬂ relative

Thé rate itr

"oure 2ir® (that is, the Chapman model),; is. defined as the "catalytic
catalytic ratio!'2 may be eaprassed either in terms of the varlaole=
variabies NO and Q0. These expressions are

rate of ozona destruction with NO‘  ) e~
rate of ozone destruction in pure air- SRR

1+ ke [o:l/kel0s] o ey

o =




A

ac

TTENG:
e TERST

9

eI

RIS R R IVTI SRR TR Y
’
=3

!

[ VU

%)

LRILruCE oo Larrrias

Figure 10. The rate of phctolysis of
molecuiar oxygen, O, + hv - 0 + 0, 3;{Ca
for standard January 13. These data
multiplied by two give the gross rate
of formation of ozone.

Figure 9. Oxygen atom, O(3P), concentra-
tion, Eguation (1), for standard January 15.

I

(NO] (kska/Ku]3)

1+ S5 %st01/3: : 4 -8 _
The instantaneous rate of destruction of ozone by NOy catalysts mlay be expressed in th
language of "ozone half life"”, 1 (compare the use half life of radicactive decay to

characterize instantaneous decay rates): _ _
T = 4n 2/2ku.plO) ' ' S (1)

From Figure 9 it can be seen that the rangz of oxygen atom concentrations in tha
stratosphere is from about 10° at 15 km to almost 10 at 50 km. Considerations of
presant and possible future sources of nitric oxide in the stratecsvhare give 107 to
5x10}! molecules cm™? as tha maximum probable range of NO concertration. From Figure

it can be seen that stratospheric temperatures vary from 200 to 260°K. ‘For a tvpical
temperature, 220°K, FPigurs 13 give values of the catalytic ratioc, Eg. 9, for the Ffull
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Figure 1l.. The rate of the reaction, . . Figure 12. The net rate of ozone
O+ Q; » 0z-+ 0. January 15. . o production according to the Chapman
: meghanism, 23:1[02] - 2k, {01[0:]. "
January 15. -

©®

range of [¥0] and [0] in a sunlit stratosphere. (Similar plots have been preparsd or

200, 240, and 260°K.) The catalytic ratios vary from just under two to well over one
thousand. For the same ranga of {NO] and [0] and for the same temperatura, the half-
tire of ozone destruction, Eg. 10, is given bv Figurs 14. At low values of hoth {NO}
and [0}, the half-times are longer than a year. At 20 km, where [0] averages 10°%, the
rate of ozcne destruction is significantly fast if [NO] exceads 2x16% moieculas cm?..

—

B. - The NO; Catalytic Cycle!!

-
“
cycle of the oxides of nitrogen may be. important:

low elevations, whare [0] is low and tiie N0, cvcle is slow, another catalveic
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“Ihe radiation involved here is red light, which is abundant at all elevations. This
o N
* e

(R10) NO» + O 5, MOy + Oy : S R ; lan
{RL1) NO3 + hv - NO + 0, (day) S : o '
(27) NO + O3 - dNO,; + O,

net: 203 + hv -~ 30, (day)

)

reaction goes in another direction at night (including the polar nigr!
(R10) NO2 + O3 » MO, + Qz ) .
(R12) N0z + NO, '+ M.0s (night)

A fow ver cent of the NO, is converted to N:0s5 in one night

the next day are not well characterized, -and the net eff
cannot be stated at this time.

g
e

::
ct 0f kthe re

Thie rate of reaction. 10 has. been studied only near mperature, end the extra-
polation toO stratospheric temperatures is uncertain. IHowevar, the extragolated lues
‘indicate the MNOjy catalytic ctycle to destroy ozone faster than thes 50, catal cle’
below 22 kmy and in -the tempsrate region where the tamgperature is at leas :

C. Nitric Acid Vapor

Nitric acid vapor is formed from the combination of hydroxyl radicals and nitrogen -
dioxida. It is destroyed bv nho;oly51s and Dj roactlo1 u1th hydroxyl racdicals.

(R13) HO + NO, Y HuO, (ref. 21)
(R14) HNO; + hv - HO + NO, (ref. 22) v _ s
(R15) HO + HNO; -~ H,0 + NO; (ref. 23) . e "ff
The steady-state ratio of nitrogen dioxide to nitric acid is , (;
{NO,] _ Kis Ty L o R S
Al = =5 ¢ _Zlu L L 2) .
7([HN0;J s FKis  kKi[HOT SR '_,-(% )
The half-tiwe to aéproach the steady-state is. ) ) o :
T = 4n2/(ki3[HO] + k,5([HO] * 3u) S (13)

Alth ough these rate constants are not accurately known, they are well enov H known for -

order of magnitude calculations to be made. Near 20 km, k;, is about 10737, Kk;g is
about 107!?, and ji, is about 107% sec™!. Thus the ratio of NO, -to HNO, is approximately

[1‘103] - 108 . . . - ) : . ‘ .

ITf hvdroxyl radicals aré less than 10% molecules cm™3, n*t*ocan diox lde w111 exceed nltrl”
acicd; and the half time, determinaed by the photolysis rate, is about cne wesk. I the
hydroxyl radicals are 107 molécules cm™?, nitrogen dioxide is about one-fifih the nitric
acid, and the-half-time is less than a day. Although the constants kls,_j_g

la s
not firmly established, it appears that the ratio of NO, to HNO; is. about 0.1 at 13 km,
about 1 at 25 km, and substantially larger than 1 above 35 km. At all elevations, the
half-time to establish the steady state between 10, and NO, aposars to be two wseks or
less. Thus it can be seen that nitric acid is a significant reservoir or temporary sink
for the active oxides of nitrogen. In the lowest stratosphere nitric acié oprsdominates
over nitrogen dioxide, and the eddy diffusion of nitric acid into the tropcsphere whare
it is rained out is presumably a major loss process for stratospheric XNOx.
.D. EBffect of NO, on the Unbalanced Ozone Productioﬁj: o oL o S .

known. To
arbitrarily

ated the

- The concentration and distribution of NOy in the stratosphare is no
test the sensitivity of the global ozone balance to stratospheric M0y, w
assured!® a range of possible amounts of NOy in the stratosphere and rep:
calculations leading to Table 1. For a constant concentration of 4.4%10? molecul

=3
of MOy throughout the stratosphere, the unbalanced ozone production givea by -1 21le 1 is

U RKORN o

tdrﬁ’d int? a global balance for s;anda*d conditions of Jaruary '15. It reg
.2%10° to proauce a- cloba1 ozon°,ba‘anc9'as of March 22.

Figure lS'presents'the ratio -cf the rate of ozone production to the rate of ozone
dastruction, based on the Chapman model and the present actual distributicn of ozon
Over most of the stratosphere ozone appsars o be formed,at lezast three times fastsr
than it is being destroyed. 1In part of the t*oplcal stratosphere ozon2 is keing formed
photochemically a thousand iimes faster than it is being dastroved hy the pure-air
rea¢“4ons It seems =x~eed1ng1v improbable that siratospheric ozone would have assumed

its presant distribution if it is subject to such unbalanced production rates as .is
given hy this figure. L ’

witb 4.2x10° molecules cm~? of NOX added througnout th the ratie of
ozone formation to ozone destruction is changed from Figura 16, 1In Ficure .
1€, it can be seen that this add ition of NOy brlnga tha ent e walow 45 xm
within 20 per cent of photochemical equ‘llb*Lum. The- large nces shown by
Figur2 15 are smoothed .out almost entirely. In the o zone'" " anove 30 Xm,



NO, CATALYTIC RATIO (220°K) A OZONE HALF TiMZ (220°K).
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ratio of the rate of destruction of ozone E;Z:iignlgg byzgngNoz ca;alyt;c cycle,
with the NO, cycle to the rate with : o :
"pure air", Equation 9. 220°K.
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Figure 15. The ratio of the rate of Flgure’l6. The sarme as Flgure 15 but with
photochemical ozone formation to its rate 4,2%x10% molecules cm~? of N0y added throuch-
of dastruction according to the-Chapman . ‘out the atmosphere.

mechranism, j1[02]/k,[0}[03]. Marxrch 22.

I

the excess rate of ozone production to ozone destruction ls ‘a matter ¢f 10 per cant, not
tne factor of 10 given by the Chapman mechanlsm. . .

at this time we have only a single report of a distr: 1butl0ﬂ of NOyx in the s;ra:ospn re,
and it extends only to 28 &m. Ackerman and Muller?® 1nterpre;ei their own balloon cata
and those of Goldman et al.? Their reported concentrations of NOy ware about 8x10% at
15 kam, 2x10% at 20 km, S 3%10° at.25 km, and 5*10s molecules cm~? at 23 X=. . Qur assumed
uniform concentration of 4.2x10° molecules cm~? is consistent with Ackerman's values.
On the other hand, it is demonstrated here that NOy concentrations comparable to those
ohservad (15 to 30 km) are very potent catalysts for ozone destruction.

The conclusion to this section is that the oxides of nitrogen ars now a very actives
componant cf the stratosphere and are of major importance in the preseat ozone balance.
. . R S SR
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E. Comparison of Rates of Photochemical Destruction of Ozone fram Various
Mechanisms . . . o

To carry tnrough calculatlono of the rﬂlatlve rate of ozone da str;:tl b b/ the
various mochanisms (Oy, HOy, and NO.), one must have data that is not yet available:
the distribution of NOx in the stratosphere and rate constants for 4O, reac th.:,
including ks and kg. The Climatic Impact Assessment Progran of the U.S. cartment of
Transportation is currently engaged in obtalnlng these numbers. By use of Dark.and .
London! s?s estlnate of the hOx background in the natural stratosphere and by use rnew, not
yet publlsheds values for ks and kg, we can estimate which rechanisms predomi )
various elevations for 45° latitude and the spring equinox. With thess current’

nt »

ch»mlcal mechanisms for ozone destruction are:
15 to 20 km, ths NOj; catalytic cycle
20 to 40 km, the NO, .catalytic cycle
40 to 45 km, 102, HOyx, and Oy mechanlsﬂs
: e - - about egqual
above 45 km, the HO, reactions.

it appears that between 15 and" 35 km, the oxides of nlerogen are by far the most

'1roor;ant agent for maintaining the natural ozone balance.

F. .'Natural Sources -and Svnxs of Nox in the Straeosohere

"Nitric oxide is produced hlgn above the stratosphere from the pnoto;ysls of dvaaomlﬁ
nitrogen, As this nitric oxide is transported down below whnre nltrogen_ls ohotolyz°d,
it - is subject to the resactions S ‘ - . -

(R16) NO + hv + N + O  (ref. 27)
(P17) N + 0, > NO + O  (ref. 28)
(R18) .. N + O3 » NO + O,

(R19) N + NO + N; + O (ref. 28)

The destruction of nitric oxide by reaction 16 is reversed oy reactions 17 and 18,'but
the destruction is reinforced by reaction 19. The net effect is a destruction of nitric
oxids wherever reaction 16 can occur, but at a rate less than reaction 16 itself.

" Brasseur and Cieslik?? have identified this mechanism as an lmportant sink Lor nitric-

oxide at the top of the stratosphere..

The natural production of nitric ox1de (NO) from nltrous ox1de (N,0) in the ) v
stratosphere has tentatively been 1dentlfled as the most important source of straaosonerlc
NOx. Crutzen'? appears to be the first one to’ 1dent1fy this natural source of
stratospheric NOy. Bacteria in the soil and perhaps in surface ocean waters produce a
small amount ¢f nitrous oxide as a byproduct of the nitrogen cycle. Unlike O and NOz, -
nitrous oxide is inert in the troposphere. It has a natural background of about 0.25

-parts per million in the troposphere, and this value decreases rapidly in ths lower

stratosphere. In the eddy diffusion processes between the troposphere and stratosphere,
nitrous oxide diffuses upward in elevation and down its male fraction gradient into tna_
stratosghere.. In the stratosphere most of the nitrous ox1de is photolyzed

(R20}) N,0 + hv + Nz + O

but about 10 per cent of it reacts w;th 51nglet oxygnn atoms which are Drocuced by
short wavelangth photolysis of ozone

(R21) O3 + hv{below 310 nm) - 0, + O(!D)

{R22) O('D) + M -~ M + O (stable) .

(R23)  O{!D) + N0 ~ Nz + 0, ' o RN ’ ‘

(R-24) .O(ID) + NzO‘* \IO + \IO . . :.» ] L . - .,vu:..‘.
Crutzen'!?® estimated that the flux of NO lnto the stratosnhere from this source was
between 0.3x10% and 1.5x10° molecules c¢m~? sec™'!. This mechanism for nitric cxide
production in the stratosoh re has also been analyzed by Nicolet and Peetermans?? and
by #cElroy and McConnell.®® The results of the three anESnga;lona ara sur:ar‘zed in
Table 2. - They agree falrly well with each other and give as an average rang 2 (0.35 to

©1.23%10° rolecules cm™ sec for the natural soyrce” of Vox,i'

.

Table 2. Natural NOX Flux in the Stratospnere from the NQO Mechaﬁism

Range of Calculated Flux

(molecules cm~? sec~!x109) Authors: _ o R?:.
0.3 to 1.5 Crutzen 139 7
0.5 to.1.5. ) Nicolet and Peeter“ans 29
0.25 to 0,653 g McElroy and McConnell - 33
0.35 to-x.2 ' {average)

—

gen dioxide and nitric acid are readlly wasbed out by rasn in the t*oaosphere

Nitro
“There apPears to be a higher mole fraction-of NOyx in the stratosphere than in the.
troposphere

. Thus in any diffusion or eddy diffusion proceSs, NOy would be transported’



~i from the stratosphere to the troposphere. To the extent

- tnat treazcspheric atr
f . ivcted into the stratosphere. in tropical regions, the amount of 1%, in the
vhere is reduced by the influn-cof relatively clean air. Thus combustiecn procizses
neratg NO, in the troposphere do not appear to be a source oI stratospheric 1G,.
G. Artificial Tncreases in Stratospheric litrogen Oxides from 55T Exraust

~more has be2en considerable- discussion and some controversy on thz amcunt of N0,
wod to be emitted from the SST exhaust. The quantity is conveniently exnrazsssd in
of grams of NO emitted in the exhaust per kilogram cf fu=sl burned for conditions
ise operation. The General Elsctric Company quoted the figurs 42 g IO/%g fusl to

dyv of Critical EnVLronmental Problems?®!, SCEP, but tnoy aJc l a 5ctn0te that it

2 a- factor of 2. 3 less.  In part om this basis, Johaston’! u
fuel. The Coqcorde is said to emlt 12.5 g to/kg fuel.®? n
ing the actual gtratosohere, Forney?’® has given a tentative esti
..p;rlments on engines similar to but not identical with SST en R
_range of 20 to 30 g NO/kg fuel. Ferri’® estirmated that currenb or prev
n

3
ct
ER e

siou
of S5T engines would emit between 15 and 70 g 0/kg fuel, but he further st
ST engines were redesigned for the purpose of minimizing ¥0O exission, the
could be reduced several hundred fold lower than existing engines. In v
range of estimates, one might take 7 to 20 g ¥ND/kg fuel as a reasonable estinate
1ould be expected from the 1971 version of the Ara“lcan SsST. B

n

U) [ A0 )]

vt }o- Oty
o,

ﬁcorglng to the Australian Academy of Sciences??, tHe fleets of Concords in 1985
constitute a world wide average flux of NO in the stratosphere of 102x10° gg/cay
urce strength corresponds to a world-wide average of 0.5x10° molecules cm~% sec™
rage range of natural source strength of NOy as given in Table 2 is 0.33 to
molecules cm~? sec~ Thus it can be seen that the artificial source of N0Ox
& Concorde is about the same size as the current estimates of the natural source
The American SST would burn fuel at about three times the rate of the Concorde.
emission index. is the same as the Concorde, the American SST would incrzase
spheric NOy by about 1.2x10° molecules cm~2? sec™! as a world-wide average. This
figure is equal to the upper range of the average estimates.of the natural source in
Table 2.- 1f the large figures mentioned by McAdams or Ferri are appropriate, 300 American
SST onld constitute a world-wide source of stratospheric NO substantially greater than .
the maximum natural rate as given in Table 2. At latitudes of high traffic density, the -
reglfnll emission rates would exceed the world-wide average emission rates discussed B
above. In many design problems, some safety factor is invoked between the expected
central figure and an acceptable target figure. At present the central estimate of the
effact of full fleets of SST (conventionally taken to bhe 500 for purpose of calculation)
is that they would more or less double the natural source of NOy in the stratosphere.

<

O M ﬁ}ﬂ'

_Table 3. Estimates of worldwide averages flux of NO, from 300 SST . o

Estimated flux

{ (molecules cm™ 2 séc-lyloav o ‘ ' . Ref.
i : .
o . .

1' 0.5 Concorde (1972) . : o - 32

0.7 o ’ ~Forney (1972) . ] 33

1.5 - ' v Johnston (1971) - ' 11

2 to. .3 - ) McAdams. (1971) : : : 34

4.2 : SCEP (1970) : 31

0.5 to 2.0 (Probables range)

. The guantity of NOy-in the stratosphere is not the wua1e storv.
S of NO,, both naturally and as it would be after full scale SST flight

r
‘imoor-ant as the quantity of NOyx. 1In one simple model calculation 1t wa : T
, a fixed guantity of NOy (added glcbally to an assumed natural’ bac<;*o ind of NOy containing
three times as much NOyx as the artificial increment) coulé reduce a local steady-state
vertical column of ozecne anywhere between 3 per cent and 50 per cent dapending on the
distribution of Lhe added NOyx. Although steady-state calculations are not realistic
enouzyn to warrant detailed conclusions, this study was suraly corract in identifving the
importance of NO, al:trlbutlons in this problem. A wor’d—wlde, hlcnl" constrained
vertical distribution gives an "overkill" of ozone in a narrow ran ga of elevation, no
contact with ozone elsewhere, and thus a small effect cn the czone wvertical celuma.. A
highly constrained (10 fold local maximum) horizontal distrzibution with 2 modarats (10
xm . wida) vertical spread gave maximum ozone destruction and a facter of two reduction
of thz lccal ozone column. Both a n’gﬂlv constrained vertical distribution and a ten-
fclé "local maximum" owver latitudes of high traffic density seem to be physically
unreasonable,. but the great difference between theses extreme cases point o]
cf determining NO, distributions in the stratosphare.

conclusion to this section is that 500 SST ({in cluiLng the
£o double the rate of input of the oxides of nitrogen into
wected magnitude of ozone reduction 1s a very compliicated prcbl
sudy before a satisfactory answer will be founa.
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