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Johnston, Harold S., and Quitevis, Edward-The Oxides of Nitrogen with

Respect to Urban Smog, Supersonic Transports, and Globsl Methane.

" Abstract
Nitrogen oxides and hydrocarbons produce ozone in the photochemical
smog reactions in urban atmospheres, and the ozone so produced is deleterious
to people, plants, and materials. Nitrogen oxides in the stratosphere
destroy ozone in a catalytic cycle, and reduced stratospheric ozone would

lead to increased biologically demaging ultraviolet radiation at the earth's

surface. Large fleets of supersonic transports would significantly increase

stratospheric oxides of nitrogen and significantly decrease stfatospheric
ozone. If nitrogen oxides form ozone in urban air ana destroy ezone in-the
stratosﬁhere, fhere must be a crossover between these two processes SOmewhefe‘
in the atmosphere. This article comnsiders a realistic natural Backgroﬁnd'-
distribution of ozone and the oxides of ﬁitrogen and a single (large) set 6f
reaction rate constants. A uniferm calculation from the surface.ef the earth
to the top of thevstrateephere evaluates the role of‘natural methane in 8
global smog reaction, and it locates the height, 13 kllometers at h5° latltude,
dr Avtneqoas. o&.
where, &nekeas&ng nitrogen oxides forms ozone Just as fast as it destroys 1t.
With respect to ozone formation and des@ruction, the different role of

-nitrogen oxides in the lower troposphere and the stratosphere is the,neturale

consequence of the different solar radiation fields in these two regions.



. Introduction

By now it is well gétabliShed that the oxides of nitrdgen_from the  ,
exhaust gases of large fleets of supersonic aircraft woﬁid seriously reducé
stratospheric ozone(1-9) and admit extra, biologically damaging, ultraviolet
(10) -

radiation to the earth's surface . For over 20 years it has been

established that the oxices of nitrogen and hydrocarbons in urban areas form -

(11)

ozone through the photochemical smog reaction . and thisAézone is toxic,

(12). When these two statements are:pﬁt

demages materiais, and kills plants
side by side, they seem to say that an incfease of nitrogen oxides ip-the 
stratosphere would reduce ozone there but an iﬁcrease of nitrogén oxides_ih
cities would increase ozoné - and bpth éhapges havé.deleterioﬁs_éffects. But
. then one.asks, How can this be? ﬁoﬁ can.nitrogen‘oxides desffoy ézonegiﬁ one
paft of the étmosphere and fdfm_ozone in anothér part? This article reviéws
the properties of urban photoéhemical smog, the role of nitrog§n bxides'in.the
stratospheric ézone balance, and the role of meﬁhane as:a'soufée of émog'in._
the global tropoéphere. Itfis.shown that é common set éf_éhemical'reacfions
with known'?ate constantshgives reaction:ratgs at a1l elevatipns)“J&ﬁqo?s

predict a crossover between formation and destruction of ozone by nitrogen -

oxides at about 13 km.
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QOzone Formetion in Urban Smog

The photochemical nature of Los Angeles smog was established by
(11) .

Haagen—Smit and co~workers in ﬁhe eariy 1950'5; By means of e simple
specific test for ozone, Haagen~-Smit showed that air containing trace.amounts
of hydrocarbons and nitrogen.oxides react in sunlighteto produce ozone. For
the same initial concentrations’of reactants, the rate of reaction depended'
strongly on the nature_bf the hydrocarbon; methane was found to bevthe least
reactive of all hydroearbons. It was shown‘that the role of nitrogen oxides
was complex: with zero nitrogen oxides there was no smog;'with a moderatev

amount there was strong, rapid production of smog; but with somewhat:larger

amounts of'nitrogen'oxides the prodnetion of smog was inhibited.

A number of aspects of photochemical smog can be shown-ffom.recent
observatlons in the atmosphere at a number of sites in California. In five

w1dely separated cities in the central valley of Callfornla(l3)

. oxldant
(mostly ozone) builds up simultaneously during the morning, it reaches a

" broad maximum in the early afternoon; and it falls to low values at night,
Figure 1. There is a strong seasonal effect with maximumISmog dnringfﬁhe
sumer and early fall and much less during the winter and'spring‘months,'
Figure 1. Over almost a decade, 1963-1971, photochemical oxidant showed a
pronounced decrease in downtown Los Angeles, but there was an equally pro-

(14)

nounced incregse 50 miles 1nland in the same basin at Rlver51de Flgure 2.
In the middle period covered by these trends at Los Angeles and Riverside
(starting in 1966), new automobiles were required to reduce hydrocarbonvgnd:'
carbon monoxide emissions, but nitrogen oxides increased,by SO'per_cenn:aS]e
result of the higher combustion temperatures used to reduce hydiocaroons,

The decrease of ozone in Los Angeles, the increase of ozone in Riverside, and

the simultaneous increase in nltrogen ox1des is one of many examples of the
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complex response of atmospheric ozone to nitrogen oxides and other factors.

The essential features of photochemical smog can be produced in the

(15’16). Light‘sources simulateesunlight by providing radiation

laboratory
above 300nm. Small amounts of hydrocarbons and'nitrogen oxides are added to
scrupulously purified air in e large chamber, typically mede of glass. An
example of such a "smog chamber" experiment is given by Figure 3, where
initial reactants were 3 parts per million (ppm) of propylene 1.3 ppm of
nitric oxide (NO) and about 0.2 ppm ofvnitrogen dlox1de (N02)f When the
light was turned on; propylene decreased, NO was converted to N02,'and later
ozone built up while N02 decreesed; Many other products, such as formalde-
hyde, other aldehydes, peroxycecetyl nitrate (PAN) and nltrlc acid, were

also formed._

The multi-faceted rolevof nitrogen oxides(IT) is 1llustrated by Figure

L.  Three smog-chamber experlments are presented, in which the initial
propylene was 3 ppm 'in each case but the initial NOX(NO + NQ2, mostly NOIin"
these cases) was 3, 1.5, and 0.5 ppm in the 3 cases. -During the first half
of the reaction, the rate of destruction of propylene was fastest for the.
least nitric oxide and slowest for the most nitric oxide. Nltrogen ox1des
above 0.5 ppm, in this case, acted to slow down or-inhibit the initial rate
of the smog reactions. However, in the second half of the destructlon of pro-
pylene, the roles reversed. With 0.5 ppm and NO the rate became much slower
and in five hours much propylene remained unconsumed. Wlth 1.5 ppm of NO s f
the rate accelerated until the rate became muchefaster than for the other |

cases, and by flve hours the propylene was virtually all consumed.
Similar data, but in this_Cese focussing on the oxidant;produced; are
given by Figure 5. A series of experiments was carried out, each starting

with 2 ppm propylene and with verious initial concentrations of nitrogen
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oxides. One set of experiments progressed for 6 hours, and one set of
experiments was carried:out for 2 hours. Maximum oxidant is plofted:egaiﬁst
initial nitrogen oxide concentration. The two-hour experiments show the
olassic "inhibition" of smog.by NO_; low NO_ give low oxidant, 1 ppm of NO_
gave maximum oxidant, 2 ppm or higher gave very little oxidant. The experi-
" ments that went for 6 hours showed a similar qualitative pattern, but the
quantities are qﬁite different. JThe‘maxiﬁum oxidant occurred with 2 ppm
initial NO for the 6 hour experiment, and the maximum amount of oxidant is.
greater than ‘that for the 2 hour case. The}"inhibition"; for 6 hour rums, T

occurs at and above 3 ppm of NO .

' The laboratory data shown in Figure 5 provide a possibie explanation for
the long-term trends in Los Angeles and Rirerside shown in Figure‘3, Sea- -
breezes take about 2 hours to reach downtown'Loe Angeles and 6 or 8 hours to
reach Riverside, which is 50dmiles inlgnd. Picture both Los Angeles and
Riverside as beinglsituated in i96h'somewhat like the point at 1.0 ppm NO_ !
in Figure 5. In the next few years there was a large increase of NO at each
statlon both as populatlon increased and as the automoblle emission index
for NOx increased by 50%. Moving from 1.0 to_lrS ppm NOx in Flgure 5 resulte
in a large decrease in smog in the 2 hour experiment (ﬁowntown Los Angeles) e

but in a large increase in smog in the 6 hour experiment (Riverside).

This example may reflect a general effect;_ increasing NOx may cause
little or no incresase of smog'in the traffic—heavy.urban centers, bﬁ#dit.pay,
cauee large increases in smog at suburban and rural areas up to huﬁdreds‘ofﬁ
'miles downwind. There have been many reoent eXamples of newly-discovered,iv

high concentrations of ozone in non—urban areas(l8-21)

The broad- aspects of the chemistry of photochemlcal smog are understood s -

_and the major features can be reproduced by means of large scale computer

programs.
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(1- 9)

Ozone Destructlon in the Stratosphere

The stratosphere is high, dry, cold, end-penetrated by ultraviolet

radiation with wave lengths down to 190nm. Radiation below 242nm dissociates -

oxygen to produce ozone. Ozone, in turn, strongly absorbs solaf radiation
below 300nm. The only effective shield of the surface of the earfh agaiosf
biologically damagiﬁg radiation ?etweenl300 and 250nm is ozone. An average
world—wide vertical profile of ozone is given by Figufe 6. The troposPﬁere
is typically 0 to 15 kilometers, and thefstretosphere is 15 to 50 kilomefers;'

- The height of maximum_ozone concentration is about 20 to 25 kilometers.

In the stratosphere ozone is formed almost exclusivelj b& the photolysis
of oxygen; curve A in Figure 7‘shows a vertical pfofile of the rate of forma-
fion of ozone6. vIn theenatﬁralostratosphere; ozone is destfoyed by a long'
list of reactions, the major oﬁes of which are givenbin Figure T: B. NO_

A}

catalytic cycle; C, Ozone destruction by ozone (0 + 03-+ o, + 02); D, E, F,

2
G, H. Reactions of free radicals (H, HO, HOO) based on water. As can be
seen from Figure T, the No_ catalytic cycle is far more important than all

other mechanisms for ozone.destruction. On a world-wide basis the balance

sheet for ozone formation and destruction is given by Table 1.

ﬁy now.the'sources and sinksbof natural NOx are recognized.and evaluated.
The artificial source of I\TOx from 500 Boeing SST as'projected inel97l (fuel
flow 60 metric tons of fuel'per houf per SST emission index 15 grams NO per'
kilogram of fuel 7 hours per day at cruise helght of about 20 ¥m) would be-
about twice the natural source of NO 3 and 500 Concordes or Tupolevs (one'::
third the rate of fuel consumption as the Boelng SST) would add about two—
thirds as much NO to the stratosphere as the natural source. Tt 1s now E
widely recognized'that these la:ge perturbations of stratospheric nitroéeﬁ

oxides would cause a large reductlon of Etretospheric ozone,.

U‘.v
&
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Table 1. Balance between_ozoné formation and destruction in the .

natural stratosphere (global ayerageS);.

~ Mechanism | o Relative‘ozone rate
0, + w(below 2kom) IR + 100%
0+0; 0,+0, o -17%
HO_ reactions B _ o - 12%
Transport to earths surface - 1%

NO + O =NO, + O, - T0%

,N021+,0'—)N0.+v02_...'

net: 03 + O v02 f\Oé
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The magnitude of the expected_reduction of.ozone by supersonic
transports has been estimatedwby 8 series of ﬁodei calculations that.have 3-
included various.degrees of atmospheric motions. The percentage reductiono
of ozone as a function of the percentage increase of stratospheric nitrogen
oxides, as calculate& by several different«groups, isvgiven by Figure 8.

' The various modelers tend to agree that doubling the stratospheric column of
NOx would decrease the ozone colnmn by about 20%, There is some_disagreement
as to how mucn a given fleet of SST would increase the stratospheric invenf
‘tory of Nbx and decrease ozone, as shown in Table 2.

The calculation by Cunnold et al (19T4) involved a three dimensional
o ——

model of~atmospheric motions.end ozone_phtochemistry; the other calculations
were primarily one‘dimensionel (vertical, global average). The model in-
volving three dinensional motions gives a result somewhat in the middle of
the models includiné only one dimension. The reduction of ozone as &
function of latitude as predicted by Cunnold et al is given by Figure 9.

The world-wide average ozone reductlon was 12%, that in the northern hemi-

sphere (where all traffic was assumed to be) was 16%, and the max;mum ‘ozone

reduction near the flight corridor was 25%.

The results of modelers of stratOSPheric motions-and‘photoehemistry, the
con51derat10ns of the magnitude of natural versus artlflclal sources of NO ;-
and the recognized 1mportance of nitrogen oxides in the natural ozone balance 
strongly confirm the propositlon that supersonic transports would seriously |

(l ) of the

deplete ozone in the stratosphere. Quantltatlve con31deratlons
effects on ozone of nltrlc oxlde produced by cosmlc rays and by nuclear bombs

further supnort this thes1s.
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Table 2. Results of model calculations for worldwide average
reduction of ozone by 500 large SST (see text for detailed properties),

including meximum "corridor effect' in some cases.

'Calcuigted ozone reduction, N ~ Author : " Ref.

. per cents

Global Iocal maximum L

23 B Cso . Jomston 1971 Q)
8 | | R ; . Crutzen 1974 - ‘ (_é). '
T cnang 1973 W
11 . ' _. . S : McElroy.gg_g;_l97§‘ ‘ (6)
a1 | . - " Shimesaki "ve't'a.l‘ 1974 (8)

2 | 25 Cunnold et sl 197T% (9
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Continuity of Ozone Photochemistry ffom the Ground to the Top of the

Stratosphere

The two sections'above reviewed tﬁe photochemistry of urban smog and
stratospheric persurbation by supersonic transpofts. By examples and
references these sectlons stated each horn of the dilemma posed in the
Introductlon: NO does form ozone in urban smog and destroy ozone in the
stratosphere. This sectlon considers where in the atmosphere ‘the crossover

occurs between these two oppos1ng trends.

(22)

A series of calculations was carried out with set. of 23 species and
36 reactions from the ground to the top of the stratosphere. Stahdard'
tempefature and concentration'of air aﬁ mid-latitudes was used. Standard,
obsefved profiles of ozone, water, an@ methane were gsed, Figure 10. A pro-_

file of total NO_ (NO + NO,, + HNO3)-was deduced from calculations and’

2
observation55‘and theipartitioning between NO, N02, and HNO, at midday is

3
shown in Figure 11. The calculated'concentraﬁion of oxygen atoms is also
included in Figure 11.

In urban situations methene is considered not to forﬁ smog in the few
available hours per day, Figure 1. However, in the global tr0posphere (and
stratosphere) some ozone is formed from alr, methane, NO e and sunllght(22 23)
The reaction is initiated by an attack by hydroxyl radlcals, HO, or 51nglet
oxygen atoms, O D), on methane to form methyl radlcals.

HO : HO+C
oCp) HO + CH,
The methyl radicals add molecular oxygen to form & peroxyl radical'thatnoon- ‘

verts NO to_NO2

CH,00 + NO + CH0 + NO,
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Photolysis of nitrogen dioxide leads to ozone formation
NO, + hv(below LOOnm) +~ NO +0 -
Cc + 02 + M f 03.+ M

Subsequent'reactions of the radical CH3O lead to one to three perhydroxyl

radicels, which also can convert NO to NO2

HOO + NO - HO + NO,,

The net effect is that the‘sldw,_photochémical combustion of methane forms
from one to four molecﬁles-qf'ozoﬁef Stafting vith'zero.onne, the rate of .

formation of ozone by the methane smog reaction is given by Figure 12 for two

cases in terms of molecules cm-3: (1)1109 9N02.

5 to form..

NO and 03. The éubsequent rise in ozone with a doubling timelbf about bne '

month is the methane-smog reaction. The'final amount of ozone produced in

NO, 10111\102; (2)'101_11\10, 10

The initial rapid_fbrmatioh'of ozone is simply the phdtolysis'of NO

each case is 2 or 3x 10ll molecules-cm"3, comparable to observed, global,

tropospheric ozone.

With the distributions of speéies,given in Figures lO_anqiil,'a mod¢l
calculétién was made for a fuli set of reéctions by a mbdified Gear |
routine(ha). The calculation was run fér loﬁ’seconds, long enough to attain.
a stead& concentration of atomic and free radical spéciés but short'enoughnto
avoid change of the background cohcentration of species. The'relatierrgteb ' 
of gross formation of ozone (HOO + NO and CHéOO'f ﬁO) from the methgﬁeésmog
reaction.is given by Figure 13. The rate of this_reaction:inpreaseé‘#ith _
Oé? H2O, CHA,’and NQX. As can be seen from Figures’lo gnq_;i,.the‘iést 3 ére ;
relatively constant with height.iﬁ the étratosphére, and ﬁhu$ thé raté:of :
ozone formation from the methane-smog reaction roughly parailéls‘the ozoﬁé 

" profile there. In the troposphere, water increases'very rapidly,as’bne moves .



down fron the tropopsause to'the‘ground, and the rate of the methane-smog.
reaction increases by avfactor of 100 between 15 and O km, largely because

of tropospheric water.

The rate of ozone destructlon by NO increases 51mp1y as the product of"
concentratlon of NO and oxygen atoms. Figure 12 shows that oxygen atoms
rapldly 1ncrease with height. The rate of ozone destruction byvNO ,'

Flgure 13, 31m11arly shows a strong decrease as one moves from the troposphere

to the ground.

In the stratoSphere;_the rate of ozone destruction by the NOx catalytic
cycle is more than 100 times faster than the rate of fornation.of ozone from _
the methane-smog reaction,‘Figure 13. At sbout 13 kn these two rates become
equal. Below 13 km, the methane-smog_reaction_is faster than_the catalytic :
destruction of ozone hy.NOx. (For hydrocarbons in urban areas that ere much
‘more active than methane in»foruing ozone and smog, the difference would be
even greater than that shown for methane) Thus a given'set of reactions
directly predicts that NO has a net ‘effect of destroying ozone in the strato-
sphere and of formlng ozone in the lower troposphere. The distribution of
species (Figures 11 and 125 and temperature is such that the relative effect:

of NO on ozone changes strongly with elevation;

Flgure 13 shows a cross-over between ozone formstion and destructlon by
NO at about 13 km with the standard NO profile given by Flgure 12 Model
calculatlons were carried out w1th twice as much and one-half as much as the ";
standard NOx proflle. Ihe eross-over points are shown in Flgure.lh ;n ‘an enf
larged scale. It can be'seen'thetIthe.cross—over point ds not'sensitive_tog
the NO_ concentration;'an increase‘iﬁ NOx increases both ozone‘formetion and_j
destruction end the cross-over is seen to be»about.13;3i0,2 kmffor'all_three

cases.
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Titles to Figures

"A. Photochemical oxidant (primarily ozone).as e function of
hour of day in 5 cities in the California Central Valley up to
‘200 ﬁiiés apart. The ozone forms and decays‘at approximately
the saﬁe time at each site, indicating in situ photochemical
férmation. Average pourly oxidant concentration during the
months July,vAugust, and September. B, Maximum hourly oxidant
conéentration as a function of month of the yéar. thevtﬁe high

concentrations in summer and early fall.

Lohg—term trends in photochemical_smog'(oxidant) at dentown Los
Angelés (close to the Pacific Ocean) and Riverside (50 miles
downwind and inland). Three year ﬁoving average of daily Qné—‘
hour maximum concentration for July-August, and September.b |
Over the same perioa of time, o#idant decreased in Dowﬁtqwn

Los Angeles and increased in Riverside.

A typical smog chamber experiment starting with 3 ppm propy-

lene, 1.3 pﬁm NO, and 0.2 ppm NO, in air.. The time scale is

from turning on.artificial.sunlamps, .PrOPylene.decréases, NO
is converted to N02, then ozone builds up and slow decays.

Other products such as aldehydes and nitrates are not shown.

Ihrée smog—chamber'runs with the samevinitial con¢entration of
propylene (3.ppm) and with three diffefent initial concgntfa-
tions of nitrogen oxides. Note the rapid initial and slow'lohge
term reaction with low initial (O.S ppm) NO_, and the slow |
initisl énd fast long-term feaétioﬁ,with high initial (1.5 ppm)

NO_.
.



Figure 5 =«

Figure 6 =
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Maximum oxidant prqduced with the same initial propy-
lene (2 ppm) and various initial concentrations of
nitrogen oxides. One series went for two hours and
the other series for si# hours. The "inhibition"

of the smog reaction by NO,, occurredvin each case

but witthuite different ratios and total effect:

between the two and six hour experiments.

An average world—widé verticél profile of ozone
‘concentration as a function of height above sea
level. The sfratosphere is befween about 15 and 50
km. |
Figure 7 - Relative rates of phbtochemical formation of ozone
(Curve A) and various mechanisms of destruction of
ozone in the natural stratosphere:
B. The NO, catalytic cycle
NO + 03 > sz + O2
NO2 + 0 > NO + O2
net: 03 + 0 -~ O2 + Oé
C. The elementary reaction O + O, *_02 +:Oé;
4 )/»-E. HOO + 0 > HO + 0,.
(xmﬂ;%f' . D. HO+ O - H+ 0,-
Ve > o
e F. HO + O3 -+ HOO +-02.

~W. HOO + 0, > HO + 0, + O

o \\mgﬁg H+ 0y~ HO+0

2.
2'.

Curves D through H are the "water reactions.'
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Figure 8 -

Figure 9 -

Figure“lO -

Figure 11 -

Figure 12 -

‘Model calculations of percentage ozone reduction as

a function of percentage NO_ increasefaccording fo
various investigators, reference numbers are
enclosed in triangles or squares (more feceni work
by squareé when one author has two or more reports).
Limes, vetf. .. -

Latitude dependence of ozone reduction when all SST .
flights occurred between 40 and SO° North, aécording'
to MIT three dimensional model, refereﬁce 9. The
rate of injection corrésponds to 500 Boeing‘SST‘aS
projected in 1971 (but'withvreduced NO, emission
indéx, 15 g NO per kg fuel). The world-wide average
oZone reduction is 12%; the local maximum near the
flight corridor is 25%. One Dobsoh unit is 2.68 x

16 2

107" molecules cm “.

Vertical profiles of oZone;“water, and methane.

Vertical profile of natural NQ; NO, HNO

3 and oxygen

atoms.

The rate of formation of ozone by the methane —'NOX--

smog reaction for two initial cases: (1) iOQANO, ‘

101t NO, molecules cm_gs (2) lOll 9
molecules cm™°.

NO, 10° NO,



Figure 13 -~ Vertical profiles of the rate of formafioﬂ of ozone
from.the'methane'— NOx ; smog reaction and of
rate of ozone deStructiQn from the'N02 cafalytic
cycle. lThe former reaction increases with back-
ground 03; CHv; H,0 (Figure 10) and the latter
reaction is proportional to the concentration of
oxygen atoms (Figure 11) and NO, (Figure 11). For
a given set of 36 reactions and the profiles shown
in Figures 10 and 11, there is a crossover at.aboﬁt
13 km between ozone destruction and ozone formation
so far-as NO_ is concerned.

Figure 14 - Similar to Figure 13 exceﬁt'for an enlarged scale
between 10 and 20 km. Curve 1. NOX as in.Pigure'll.
Curvg 1/2. NOX as in Figure 11 reduced by a factor
of 2. Curvé 2. NOx in Figure 11 multiplied by a
factor of 2. Note that the elevation bf the cross-

over point is almost the same for these three widely

different NOX profiles.



Oxidant Concentration (ppm)

Hour (PST)

N S 1 1 T T
O.12}F ’
O.10}
0.08}-
30.06'&-,
0.04}+
0.02}-
ol
IR =T I T T T 1
= Bakersfﬁeld
_ Visalia
O. ' 2 | ceeeeeees StOC'kfon _
— — - - Modesto
O. 10} -—-—Fresno —
0.08_ ..
0.06 | -
0.04} | —
oL Yy TS S N NN RO N
O 2 4 o6 10 12 14 16 18 20 22



Oxidant Concentrations, pphm

COouvd2067383

~ OXIDANT TRENDS

7
18- | Downtown Los Angeles
16
14}
12+ -
| | | | N ! 1 |
Riverside
28} N .
24
201
16| -
R R T S S R |
!964 1965 1966 1967 1968 1969 !970 l97l
| Year

Three-Year Movmg Averoges of DGlly Maxnmum One- Hour
Concenfranons for July, August and September |

,(i:ji:) - ' o - XBL 747-6691



4.0
——— PROPYLENE
— N0,
| =—=—0ZONE
3.0 ‘

CONCENTRATION (PPM) -

006042006784

N
o

0 50 00 150 20 20 300
N  TIME (min) o

@ -

XBL 746-6639



v
| Initiol Propylene .
 30fes 3 ppm in each cose
E .
S 20
i
g
3
&
o _
1.0
[
0




420067384

1.2 T T 1 ]
- o~ o"..‘o.'o '
g 1ol o -
< ’p"\ ' 2 ppm Propylene -
o 7 N\ A
€ ol \ .
8 o 6 = ..o , \ ’.. . o——
g | A :
o / \ ]
. 044 \ *6hr =
s A\ [
© \2 hr .
‘% 0.2} v . o
0 \ . . h.'.c
a. : *es :
0] 1 Ltk LTI,
0 1.0 20 3.0 4.0 - 5.0

Nitrogen Oxide Concenfmﬁon (ppm)

XBL 746-6643



o €101

(WO S3IN23|0W) UOI}DIUBIUOY BUOZQ

- 02

— o¢

—o1

(Wy) apniniy

,;. -0t

~ 371408d NOILVYLNIONOD 3NOZO NVIW

1v8019

06



Q00042

- T 39
n <« T~ 3
e -~ No 4
_- TN
-/ —
- M \
n N
o
{¢)
r pu S
b -
_ L -
®e 0
— L -~ O
B ..:.-
, O |
o
A Y

50

O
q-

(WY) apnit|y

()

104

‘Reaction Rate (_Cm'_3 .sec"A)ﬁ_'?

--



O0us 04206y 49

Reduction of Ozone Column (%)
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TOTAL OZONE DISTRIBUTION (DOBSON UNITS)
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Elevation (kilometers)

STANDARD VERTICAL PROFILES OF OZONE, METHANE, :
AND WATER (45° N LATITUDE, SPRING)
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Elevation (kilometers)
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* VERTICAL PROFILES OF OXIDES OF NITROGEN. AND OF
OXYGEN ATOMS (45°, SPRING, NOON)
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RATE OF FORMATION OF OZONE FROM METHANE-SMOG REACTION
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Elevation (kilometers)
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Elevation (ki‘lometers)

OZONE FORMATION AND DESTRUCTION FOR STANDARD NOX
PROFILES AND FOR ONE-HALF, AND FOR TWICE THE
STANDARD PROFILES

‘Rates (molecules cm'3 yecr")

| | |o'° o  | 2
20 T T T [ .r»_ll»ll}l T 1 1 ITTII[O77 T
19l A ) ]
| . 13 )
|
18+ / 7
/
17k Ozone Formation / ': ‘
— ormation . - | T 7]
From Oy +hy o ,// :
. —_— O+O / :
16} -~ / ' 7
L~
|4} Ozone Formation -\ Ozone Desfruchon 7
| From CH,4 and NOy L By NOy . '
13- ]
12 ) 7]
ne e | .
/ -
s . . L \ A
10 ,/'_|’ VARBEANIE L lllJllll : Lol o
R T T
Rotes (molecu!es cm 3s_e<__: ). -
| - XBL747-6688



#

Vo w4200 77 956

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 Energy Research and Development Administration, 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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