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Abstract

Some definite statements about chemical réactions in the

 atmosphere can be made on the basis of instataneous rates of

reaction ., regardless of the state of‘atmo$phgfic motions.

This method is'illustrated'here‘for severai'fo@ics in the stréfos~-
pheric.ozbne:prbblem.. By a Monté Carlo mefhod,>it is shown that
it is:Very improbable_thét random experimental errors in the basic
kinetic conétantsare.responsible for the failure of the c1assié:v"
Chapman mechaﬁism and air transport to a¢c6ﬁnt fbr'the natural -
ozone balandé;;'It isuprobablevthat fhe observed concentratidhs;

of nitrogen dioxide in the stratosphere is sufficient to account

: for‘the natural ozohe'bplancé.v There appears to be a stroﬁg

latitude dependence on the sensitivity of stratospheric ozone

toVCatalytic-destruction by the oxides of nitfdgeh.._Considerations

based on the c1assic photochemical sector method show that there

is no averagebintensity over the diurnal cycie that is appropriate

- for stratospheric ozone. The crossover point between ozone for-

mation from the methane-NOx-smog reaction and'onne'destrucfioﬁ

by NOx catalyéjs occurs at about 13 kilometers in femperate'

i
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- - Introduction |

It is eaﬁy,to emphasize the complexitybof'photochemical
reactions in thé moving atmosphere with diurhal'and'seasonal o
éycles of sunlight; there are difect reactioﬁé; feedback
mechanisms, and interactidns bétween solar:rédiation,'infrared
radiation, ghemistry, and atmospheric motioﬁs;: No theofetical
‘model in the foreseeable future will‘be able_fé handle.j_b
realistically.all éf the'actions and interaqtions; in threéf
dimensioné,‘and'inclﬁding_all temporal cycleé. At best,
atmospheric models contribute answers to only a.part of the
problem. Thus ‘it is desirable to develop ahd.promote'any
model that illuminates any component of tﬁe'pr6b1ém. In this
lébOPatory,:emphésis has been given to methods;that givé7
definité answers to chemical questions, regaﬁdleSs of the étafe’
-of-atﬁosphéric.mpfions; aﬂd several such méfhod: have been
devéldped., Théée methods dd not neglect atmgsﬁheric motions;
they dgveiop cémpénents of the problem*that'éfe-orthogoﬁalvto 
those bf atmoéﬁheric motions. The ﬁmethod éf;instantaneéus |
fates" takes.the chposifion of the atmosphere'aé it is
observed to bej; it starts with the distributibﬁvéf species in
the atmosphere as set up by nature, indlﬁdihg7gfmoépheric'
 mofions; 'Thé'disfributién.of éolar radiéfioﬁ'is calculatéd, 
vand_the'instantanéous rates of reactions of interest are |
yéohputed. This mefhdd is'feviewed in thisvabtiéle"and'
~extended to new cases. | |

In fhe atmosPhere somewhat different Séfé of species and
reactions‘éhe iﬁQolved in different regionsf i?oub‘exampies

are: (1) phofoéhemical smog in urban air; (2) photochemistry
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of methane in the global troposphere; (3) photdchemistry of

ozone in the strétosphére; and. (1) rgactionsvof gaseous ions
in the mesgsphere and higher. This‘article-lérgely, but not
entibely, tékésbthe photochemistry of ozone in the strétésphefé
- as its examplé:of studying Chemistfy‘in théfafmosphere by the

method of instantaneous rates.
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1. 'Sources'of Data
The National Bureaﬁ of Sfandards [1] has collécted rate
cdnstants fdrwchemical and'phdtdchemical réactions in the
stratospheré;'iThere'ére“approximately’250'Eiemehtary‘reacfidns'
in the list. ‘The known ionic reactions iﬂjfﬁe stratosphefe:‘v |
number'OVep,ZOO_E2];  Approximéfely a score;df:substanéeé'
undergo photoly#is_in the sfrafdsphere. vsfféfésphefic ozone -
haé;been the éubjecf.of se;eral_feviewé dufiﬁg;the past
year [31. | | | N
2;“'Properties of'the_Strathphefe
A standard distribution. of témpepaturéiin<thévfrcposphefé |

and stratospheré is:given by a zonal avefagé ¢o£touf,m;p [ua]‘, ’
in Figure 1._fTemperétube decreases with'altifude in the tfppo-.
_sphéré'aﬁdlincbéasés Qith'élévation in'the stfatoéphere; the |
'apprdximate:boundary is indicated by the dashedlline in Figure 1;-
-Thevtempératurevdistribﬁtion in the stratdsphefe.arises‘from a '
dynamic balaﬁce between*in situ photoéhemicél'heating; absofptiqnj 
and emission of infrared radiation by carbon di¢xide and water |
énd othervminor'spééies,_heét conduction, anq7heat transport by
‘éir motions. 'There‘are complex interactions éndvfeedeack,

. mechanisms betweén thermal, photochemical;'énd mechanical effects.
3. ghémistry-and Photochemistry

_The_mdst:important,chemiétfy in the stratosphere is that

of ozone. A standard distribution éﬁ ozoné;concentratiOn‘in;the'*
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troposphcre and otratosphere (ub]l is given by Flgure 2. The

.elevation of maxlmum concentration of ozone as a functlon of
latitude varies from about 17 km in polar reglons to about 25 km
in'equatoriallregionst .The absorption spectrnm'of oaone above
| 265 nm.very‘nearly naralleis-that of DNA [Sldand.stratospheric.
ozone thus shlelds the biosphere from lethal and mutating
_radlatlon below about 300 nm [6].

.aIn the'stratOSPhere there is only one inportant source of
ozone,bthe.photolysis Ofnmolecnlar,oxygen and'thensubsequent
addition.of_thefproductyatoms to other molecgles of oxygen

(a) 02'+ hv (below 242 nm) - 0 + 0

(b) 0+ 0, +M> 05+ M (twice) '

(1)
2 _

~net: l-3‘02f+ hv -+ ? 04

A zonal- average contour for the rate. of oxygen photoly81s, as -

found by the method of 1nstantaneous chemlcal reactlons [7] is

glven by Flgure 3 The. rate of formatlon of ozone 1s twice the":

rate shown 1n_F1gure 3. The short wavelength radlatlon that
can dlssoc1ate oxygen 1s absorbed by both ozone and oxygen, and

'v1t 1s screened out 1n the upper and mlddle stratosphere._

| The locali“ozone replacement time" is defined as the

‘concentration of ozone divided by the rate of formation of ozone

_ ozone concentration
. rate of ozone formation

(2)

"

1004172 3,10,

_ where ja_is‘the}fi;St-order rate constant for the'photoiysis of oxygen, reéction éf _
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- For a standard (January 15) distribution othZOne, the instan-

_taneous, zonal -average, ozone replacement tlmes are glven by
Figure 4. The replacement tlmes are a few hours at the top of
the stratosphere, a few days at about 30 km, a few months at
- about 23 km, and several years below 15 km in the troplcs or -

below 20 km in temperate zones.

Many mechanisms haye been recognizedvforfthe destruction.
of ozone. Abonthone—half of one percent.of_the-ozone formed in.
the stratosphere is transported to the troposphere and destroyed’;1
at the earth's surface‘[B,g,iO]. Ozonebis destroyed by a’
seriesfof'chemical mechanisms [31; the O system, the NO
system, the HOZ system,- the ClO system [11 12] and perhaps others

: The photoly51s 0of ozone does not. constltute ozone
sdestructlon,islnce th;s process is rapidly reversed by reaction

b
() Oy +hv=+0,+0 v .
o L (3
- (b) 0+ 0, +M+ 0, +M o
net: solar'energy converted tojheat in the atmosphere

The zonal aVerage rate of ozone photolysis is'given'by Figure 5.

This dlstrlbutlon of reactlon rates is qulte different from that'~s_[“

of . the photoly81s of oxygen, Figure 3. In part, ozonebls photo-m}"

‘plyzed by ultrav1olet radlatlon below 300 nm,:ﬁhich is‘strongly'
- v ‘ v
screened out by ozone, so that ‘the dlstrlbutlon of thlS rate 1s
81m11ar to that in Flgure 3. Also ozone is’ photolyzed by

:-radlation above 300 nm and by v131b1e llght (HSO 700 nm) but
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this radiation.is onlvvweakiv absorbed bhv ozoh¢ and not
significantly'absorhed bv ofher_atmosnhcric édhstances. Thus
this photolysis-occurs almost uniformlv Frdﬁdfqp'td hottom of
the atﬁosphereTéé sboﬁ as:the sun rises. Tﬁé.ghotolvsis‘and
recombinationvof ozone, Equation 3, rébidlv:éefs uo a small;.v. -
steady;statéRCOncenfration of oxygen atoms,‘a'Zonél-average_coﬁf o
tour mapibf ﬁhich-is given by Figure 6. At a'éiven elevation,
the concentration ofvoxygenfatoms is almost,uniform with 1ati—
tUde_in the éﬁﬁlit atmosphere,.but it increésés rapidly with
altitud¢5 largelybby_virtue of tﬁe decrease 9f the”raté E;-

The'destrucfionfof ozoﬁe'iﬁ the Ox”mecﬁﬁniSm éccurs in—‘
directly by reaqtions of oxygen atomé,-whiéh-thereby do nof

reform ozone, and by reactions of oxygen atoms with ozone

(@ 0+ 0+M-0, e N

+ 0, +0

(e) O+ 0 2 2

3
In the troposphere and. stratosphere, reactioﬁ?g_is_very slow
compared to”reECtion g, and it may be neglectéd;;‘There are many
reactions ‘involving excited electronic sfates,df,atqmic and
molecular oxygen, but these are not important in the direct
destruction of ozone.-

Nitric oxide and nitrogen dioxide destroy. ozone ih'a number>_a
of catalytic cycles [13],;but’only one of theselis impdrtant“ih'_

LN

‘the stratosphere [13d]

(f) NO + 0, + NO. + O ST R
T3 Y2 2 | W

(g) 'NO, + 0+ NO + 0,

net: 0 2

3.+ 0% 0y * 0

2
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Reaction ﬁ'is_USUally reversed by photolysiS'of nitrogen

dioxide -

(h) N02,4‘hv (below 400 nm) -+ N0»+ﬁ0: Aﬁ -
S s . : S o o “(5)
(b) 0+ 0, +M~>04+M

net: Noé'}vhv + o2 + NO + 0,

so that reactlon g is the rate ~determining step in the catalytlc o

cycle (u) The rate constants for reactlons a—h are rather .

well known [1], and quantltatlve comparlsons between these rates

can be made 1f the concentratlons of ozone and nltrogen ox1des

(NO = NO +_NO ) are-known.

j Ozone photoly51s has 1mportant features not glven by

reactlon c as wrltten above

(el) 0, + hv (below 310 nm) + 0, + 0(*D)

 (e3) Oévtvhv (above 310 nm) + 0, + 0(33)
Singlet oxygen atoms, O(lD); are very much mofe'feactive than
triplet oxygenratoms, 0(3P). Reaction of singletﬁoxygen'with_"
the rather'inert nitrous oxide, N20 o »

N,0 + 0(ID) » NO + NO

is the primary.source of NO_ in the natural_stratosphere [14].
Reaction of singlet oxygen atoms with‘Water”or'with methane‘or

w1th hydrogen produce active free radlcals 1n the atmosphere

0( D) + H20 + 2 HO

0( D) + CH + cH +

g +HO .3'.'j‘, ~(8)

o¢ D) + H2 + H + HO
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The free radicals H, HO, and HOO, collectlvely referred to as

HOX, rapidly 1nterchange with each other and destroy ozone

(h) H+ 0y >~ HO + 0, T

(i)  HO + 05 > HOO + 0,
©(m)THOO + 05 > HO + 0, + 0,
(n) HOO + 0 + HO + O,
(p) HO + 0 ~+H+o0,

(q) H+ 0, +M>H00 +M
Although the natural level of chlorlne - contalnlng gases
in the stratosphere [15] is so low that the chlorlne system
(ClOX = Cl1 + Cl0 + C100) seems now not to be-lmportant in the
global ozone balance, reaction rate constants [1b] are such that'
stratespherie_OZOnevis.yulnerable [12] to Chlorine because of
" the eatalytic cycle |
“(r) Cl+0,*ClO+ 0

(s) ClLO+0*ClL+0, |

net: 03'+.0 -+ Oé.f 02

‘The active ClO spec1es 1nteraet W1fh methane, hydroxyl radlcals,
and nltrlc ox1de. | |

Thg}hundreds of reactidns"reeognized inhfhe stratosphere
:concern_the'inferactiqns"of.the O*, NQ#, HO*; and ClO#\systems.
These hundreds of feactibnS”are not equally‘inﬁorﬁanf.e.A;Sef~
_bf about 50 reactions”seems to.be sufficient tb account fer.the-
_essentlal chemlstry of the oxygen nltrogen-hydrogen famllles.-h.
These reactlons have been rev1ewed in several recent artlcles [3]

and the detalls-w1ll not befdlscussed here.“ |
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4, Air Motions

Chemistry and.photochemistry are onlyihalf the'story of

v the stratospherlc ozone dlstrlbutlon. The other halfsconcerns
atmospherlc mot;ons [16]. East—west w1nds c1rcle the globe in
‘several days or a-few weeks. -North-south alr movement typlcally
takes a few months for horlzontal ‘spreading from the equator to
a pole. Vertlcal m1x1ng in the stratosphere is 1nh1b1ted by
the}strong_temperature inversion (Flgure.l) and-requlres a
_matter of years.- The 1mportance of air motlons in shaping thev
dlstrlbutlon of stratospheric ozone is 51mply demonstrated by
superlmp051ng the zonal average-contours of ozone replacement o
Atlme (Flgure 4) on the zonal average contours of ozone. concentra-
‘tion (F1gure 2) Such a superp051t10n [17] 1s given by Flgure 7. l'
The contour lines for ozone-replacement t1me in Flgure 4 werei |
reduced to two, that for 4 months and that for 10 years; and the'
number of contour lines in Figure'Z werezreduced for.the sake
of clarity-in Figure 7‘. The "ozone formationlregion" is |
defined as that where the ozone photochemlcal replacement time
is 4 months or less, and ozone is regarded as belng detached
from 1ts formatlon reglon 1f the ozone replacement tlme is 10
years .or more.» In the summer hemlsphere, thevozone formatlon
sreglon lies above 20 to 25 km, and it is; sharply cut off in the-
.w1nter hemlsphere.i The global maximum ozone concentratlon is |

12molecules cm_3’1n the north polar reglon ‘and-the'

6 x 10
locus ‘of the maximum elsewhere is 1nd1cated by the dotted 11ne.
The locatlon of max1mum ozone and max1mum ozone: formatlon rate

(compare Flgure_s) are qulte dlfferent; The hlgh ozone.
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concentration in the north polar region accumulated over the
winter by means of air motions thatltransported ozone poleward
and downward,' )

This brief:reView of.atmosphericvchemistry-and
atmospheric motiohs_shostthat a realistic model of strato-
,spheric ozonetShould involve three-dimensional‘motion_and about
50 photochemical reactions. A realistic theory 1nvolv1ng a
three dlmen51onal atmosphere, photochemlstry, radlatlon heat,
and 1nteractlons between all of these . factors appears to be at
‘least several years in the future, although-several groups are

carrying out a powerful assault on this full problem (163.

5. The Method of Instantaneous Rates
In order to answer some of the questions;of'atmospheric

photochemistry,'Johnston and Whitten £7] deviSed a global,

three dimensional, 1nstantaneous model. 'This method starts with'

observed, standard temperature (such as Flgure 1), ozone concen-_f-

trations (such as Flgure 2) and solar radlatlon ‘above the»
atmosphere, Flgure 8. The atmosphere was d1v1ded into a grld
using*sphericalfpolarvcoordlnateS'_ Ar = 1 km from 0 to 50 km

above sea- level AG = §° latltude from: pole to pole, AQ = 15°

_longltude for 360° ThlS grid gives 43200 volume elements, half

of Wthh are 1n sunllght and half on the dark sxde of the earth
The 21600 volume elements fac1ng~the sun present dlfferent
angles to incoming sunlight‘and thus dlfferent shleldlng
columns, of overhead oxygen and ozone. In each of these volume

elements the 1nten31ty of radlatlon was calculated at each nm
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between 190 and 400 nm, Light 1nten51tv from 400 to 700 nm is
constant in the sunlit stratosphere.-
The photochemical rate constants for photoly51s “of oxygen,_ja,
and photolysis of ozone, jc’ were calculated 1n each volume.
element, and the rate of - photoly31s of oxygen and ozone was'

evaluated. The steady state concentration of oxygen atoms wast
evaluated in each volume element | |

03, = 3, 0,1/k (M1 [0,] o (o)
After allvphotoChemistry ofvinterest was evaluated in eacn
volume element, then averaging of various'sortsvwerevcarriedgout.
Averaging.around the full 360° circle of‘the:earth gives zonal e'
averages of various rates and concentrationsﬁ Figure 3, zonalev
average, instantaneous rate of oxygen photolysis; Figufe Sd”OZoneil
photolysis; Figure 6, oxygen atom concentration, Figure b4,
OZonegfeplacement times. IFurther 1ntegratlon gives global rates

r -

of various kinds.

This method'does not neglect atmosphericvmotions;'

Atmospheric motions were important in shaping the
observed dlstrlbutlons of temperature and_ ozone
» concentration,‘Which are used in the "instantaneous reaction"
nethod. L v _ v

 This metnodeas'used to answer,the question whetherltheb_
pure air or Chapmam [17] reactions,ig; E,_g,'g;:and‘air motions
are sufficient}toigive a global;ozone'balanceL;iThis treatment'__
is reviewed and extended here. Also this method-is.applied to.

other problems.



~12- o
6. . Are the Chapman Reactlons Suff1c1ent

to Account for the Natural Ozone.Balance?

The mechanlsm proposed by Chapman [17] 1n 13930 for strato-
spherlc ozone- concerns only the pure oxygen spec1es and
reactions a,;g wc, d, e The rates of these reactlons were
calculated in each volume element given by the grld 1nd1cated
1n Figure 8, and 1ntegratlon of these rates over the entire
_stratosphere,gare instantaneous global.rates for each reaction

a-e. The results of this calculation is givenvby Table 1.

29 mole-

Table 1. Instantaneous; global rates (in units of 10
cules secfl) in the stratosphere in terms of the Chapman

‘mechanism.

_Processr" - - Blobal reaction rate,{ ~ Ref.
- o ~Jan. 15. Mar. 22 |
Ozone formatlon : _ 500 486 o | T
Transport to troposphere -5+3 d“ --5:3t»? S 8
Chemical loss — -86p : , -89hfo: o 7
 Unbalanced ozone 409 392 1
production . - : v ’a | : ) _

Approx1mate1y 80 percent of the ozone produced by sunllght falls_
'to be balanced by the Chapman reactlons and by transport to the
vtroposphere. Thus each second (and for any,second):ozone is
.prodnced over fiveatimes]as‘fast.asrit isodestroyed:by the
Chapman'mechanism, and at thiS'rate global‘ozone would double in
'less than.tWO'Weeks} Therefore, the Chapmanﬁmechanism and'air
mbtions appear not to be sufficient to accountpfor the"naturaid

©zone balance.
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The large_unbalance of ozone shown in_Teble 1l is based on
 the central values of a number of experimentaquuantities.

The primary data for the calculation are temperature (Flgure l)
 ozone concentratlon (Flgure 2) solar radlatlon 1nten51ty I
‘above the atmosphere, ‘the cross sectlon for 11ght absorptlon by
oxygen 02, the cross sectlon for light absorptlon by ozone 03
the rate_constant for,reactlon g, and the rate constant for
reaction:g.‘efhe experimental quantities haQe‘e range of un-
cerfainty; and one asks whether the’calculatedvenbalance of:
ozone could beﬂdUe to experimental error inithe rate constente
‘or other data; To answer this question, Monte Carlo calculatlons
- were made whereby random values and 51gns of error were a351gned
to flvevquant;tles above, and the global?lthreef -
dimensiohai,.instantaneous caiculation wes_repeeted; Tﬁe
differenoe'A between'ozooe'formafion and_desfruotion for the
globeAQas evaiuated for eachiassignment of'errors.to fhe five
‘experimental,quantities. : | |

In the Monte Carlo calculation, fhe freotioha1 standard |

deviation E in each quantity was deduced to be{

AR ' £0.15
PR o $0.20 | .
oy +0.05 o -~ (10)
ky 0 208
X, - $0.,26 .

“The paremeters'were'randomly varied by means of the formula:
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P =P,

v + lED | o N (11)

where P is the varied quantity, PN is the normal or central_,
value, |E| is the absolute value of the-error (Equation 10),
and x is a random number. The randomvnumbersJWere produced by
the CDC7600 edmputer from a iist bf 5 8 X 1012 random numbers

between +6 and —6 w1th a standard dev1atlon of #1.

The quantity"A is the integrated global difference .
between 1nstantaneous ozone production from sunllght and
destruction by reaetlon e. The standard (January 15) calcula-r
~tion with‘al}ﬁparametersIhav1ng.the1r central values PN gave an

’}unbalanced oZone production of 4lh x 1029 meleeules Sec-l; The
calculation was repeated 200 tlmes based on 1000 random numbers.
For each calculatlon each parameter had a random chance of
p031t1ve or n Gatlve dev1atlon by an amount properly welghted
by its ‘own standard dev1at10n (Equatlon 11). |

The results of these 200 calculatlons w1th a bin size of

20 x 1029 molecules sec -1 are presented in Flgure 9 The

‘average value calculated was 422 x 1029

standard deviatiOn,was +83 x 1029 moleeulesfsec-l. The quan;
tity plus orhninus_tWice_the'standard'deviatien'is:. | |
A ='(&22i1865 gllozg'molecules secﬁ; -
-This_range_gives‘aRproximateiy the-QS% confidence limit; Thusx
dne can say to a high degree of confidence that random.experi-

/ L, . < e e ' :
mental errors in the § experimental quantities do not cause a

- false inpression of the failure of the Chapman mechanism;_

moleculeS'sec-l,”and the
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7. Are the Oxides of'Nitrogeh Sufficient to Account
‘vfor the Natural Ozone Balance?h
The'pair‘ofureactions, f and g, Equatidn;(B)-involQing
nitric oxide and nitrogen dioxide is a Qery potentbﬁechaniSm
for ozone destruction under stratospheric conditions The
relatlve rate of ozone destructlon with the ox1des of nltrogen

and without is glven by the catalytlc ratlo [lSc]

= -{ke [-01[03] + kg[o]'[Nozl}'/l%[ol[oQ_]

©
1]

1 + k INO,1/k, (0] S an
At typical stratospheric temperatures, the rate.constaﬁtfgg is
103 to 10” greater than_hé. Thus nitrogen_diOXidefat aboutp
lO?Imolecules.cﬁ"3 cataiytically destroys ozone (Figure 2),
faster than'the_Chapmanrreactions;_ ' J |

From Table 1 it can be seen that-the Chapman reactions
accountaforvabout'QO percent of the ozone balance:b Similar)ff‘
calculations [17] show that the free radicalslhased on water
destroys about 10 percent of the ozone proddced;v If the nltro—

gen ox1des in the stratosphere are responsible for the remalnlng-

70 percent " then NO must destroy ozone 3.5 tlmes faster, on the

average, than the O reactions. In other words,,the catalytlc_p
ratio,‘Equatlon712, must be 4.5 on a globai-average‘basis.

It isvsimple‘to:calculate the‘concentratioo_of NOz'that_would.
give a catalytic ratio.of‘u 5. A profile of'the requirea NO2
concentratlon to give the value of the catalytlc ratio is enteredof;

on Flgure 10 for 45 degrees latitude 1n the sprlng Flgure 10 :
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also includee‘the range of measured NOZ’ asjfepofted through
. July 1974 (15, 18 19). b‘The observed NO, appears to be somewhat
more than the mlnlmum requlred 1n the 1ower and mlddle strato->

sphere;at;thls latxtude; but NO_ observatlons,for hlgher

2
'felevatioﬂeland'other'than temperate.latitudeS'are not yet
.,available. The.tentative conclusion is thatfnatural nitrogen
‘oxides are suff1c1ent to account for the global ozone balance,
lbut further data are needed to conflrm or- modlfy this |

._conclu31on. | | » '

' Altbougb'the-concentration of nitrogenidioxide hasbnot'been-:
observed over a Qide fange_of eleﬁation,'latitdde; and.season,' |

it is inteneSting to calculate how much nitrogen dioxide would

" be requiredfto?destroy 70 percent of the'ozone produced However;;

a dlstlnctlon needs to be made between the effect of NO2 1n the
ozone source reglon and in the reglon where ozone is’ detached

from 1ts‘photochem1cal source,vFlgLre 4,

In this artlcle the dlstrlbutlon of nltrogen dlox1de
:requlred to destroy ozone at a prescrlbed rate in each of thesev
regions is examlned for the.three-dlmen51onal-atmosphere by
ithe method of "instantaneous rates".

Inside the "ozone source region“; the interesting_

comparison is the rate of ozone destructionmbytnitrogen

~dioxide relatiVe to the rate of ozone formation. The concentra- .

tion of nitrogen dioxide that~destroys ozone at 10% fhe_rate N
‘of formationbis
F o (0.10) 2 Jé[02]
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The quantity 10% is chosen for convenience, and it can be

: llnearly scaled to 1nc1ude 70% or 100% or any'other percent
relative rate of ozone destruction by the NO*_and Ox
mechanisms. ‘This comoarison of two instantaneous:rates was
made for 43;200 vdlume elements of the'glohal‘atmospheric o
grid, and a;zonal average 1is presented in.Figure ll.v At low
elevatlons, the requ1red NO2 concentration is very low, but the
rate of ozone formatlon is vanlshlngly slow there, Figure 3.
This comparison 1is useful only in reglons when the ozone re-

placement time (Figure 4) is one year or less.

In the "detached ozone region" where the ozone replaéement_
time is one year or longer, the ozone>residencevha1f time is
approximately tWo years (based on radioactive‘carbonélu ffom'>
the nuclear bomb test ser%es of 1961-62). Thellnteresting'

questlon to ask in this region is how much nltrogen dlox1de 1s

requlred to destroy_local ozone at»an lnstantaneous rate of 10%

per year

D (—U-) [0,]
I:Nozjo 1 T IOJ (3.15 % 107 Sec yr-n )

This concentratlon of nltrogen dlox1de was evaluated in each
volume element, and the zonal average is g;ven;by‘Flgure 12.
Even in the detached ozone.region, ozone can he‘significantly
destroyed by NO catalysts if the quantlty of catalyst is equal d
to or greater than the values 1nd1cated in Flgure 12, for
example,.log molecules NO2 cm -3 at 20 km. It appears thatdvery

little nltrogen dioxide 1is needed at high elevatlons, but thls

appearance is not valid since ~ozone is rapldly replaced there.
The two def;nltlons of [N02]0 i becomefidentical-where
the ozone replacement time is one year. The interesting con-

tour map is the composite'one shown in‘Figure 13«.JWhenepthe c
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ozone replacement time is one year or less, [NO 23g.1 is that
. required to destroy ozone one-tenth as fast as it ia formed
‘and where the ozone replacement time 1is longer than one year,
[NOZ]D 1 is that whlch would destroy one- tenth of the ozone in
one year. _These two superlmposed functions g;ve the globalv
distributioniof:nitrogen'dioxide fequired to contribute 10%
ozone_destruction, Includingvthe e‘ff‘ect.of:'-the“HOx reactions

(H, Ho;vH005;'the‘Chapman reactions, and airtmotions, about

30 percent'of;the'ozone-balance can be acconnted’for. If the
oxides of nittogen account for the remaining 70 percent,»then
the;concentration of nitrogen dioxide must average about 7
times the vaiuee‘given by Figure.13, especialiy in_the ozone
_formation’region. If considefation isrgivenvto the apread-of'
‘the Monte Carlo calculatlon, Flgure 9, then nltrogen d10x1de
hmust average oetween 4 and 11 tlmes as nuchbas that ahown 1n
Figure 13, above the 20 km 1eve1 It w111 be 1nterest1ng to

'_see 1f future observatlons of stratospherlc NO2 fall w1th1n'

this range.

8. batitudinal Variation of anne Sensitivity
to Nitrogen“Dioxide |

A notable feature of Figure 13 is that'at'conStantv‘
 altitude there ane'eome'strong latitudinalaQariationsbof oione”

‘sensitivity. At a*height.of 23 km, ozone ievten times as

msen51t1ve to nltrogen dlox1de in’ the polar summer reglon ‘as inu
the equator1a1 reglon. In the w1nter temperate zone, there -is
a reglon-of hlgh sen51tiVity between-25 and€35'km In the» :_

equatorial _stratosphere between 17 and 25 km, ‘ozone is




exceptionally_resistant to NOx catalytic destruction. :In this
section, the réaSons'for'this variable sensltivity of ozone to
nitrogen ox1des are explored Also, it is‘pointed outvthat

- other three—dlmen 1onal model calculations have detected this

feature, and there is experlmental data based on cosmlc rays -

that tend to conflrm the hlgh sensitivity of the middle polar

stratosphere to NO

The reason for the latitudinal varlatlon of sen51t1v1ty
of ozone to nltrogen dioxide is given by the varlous flgures of
this article. ' Some of these'features w1ll be rev1ewed in terms
of just this question;. There are regions of the stratosphere_
where both oxygen (Flgure 3) and ozone (Figure 4) absorb solar
radlatlon, there are reglons where solar radlatlon capable of
dlssoc1at1ng oxygen and formlng ozone has all ‘been screened
out. In this latter reglon, oxygen atom_concentratlons may"
still be high-(Figure-S);rand ozone mayvbe-destroyed by‘the*jp
reaction.O +‘N02eeven.thodgh none is regenerated in Situ'from'

oxygen.. Air transport tends to move ozone away from the

equitorial region and to the.polar regions. - At ‘an elevatlon of

20 km, for example, there is still-significant ozone formation
above the summer -equator, and it requiresvabOut'leog‘molecules
NOé cm™3 to'destroyvozone one~tenth as fast asyitvis formed»

'(Figure 11). At the same elevation over the:sﬁﬁmerkpdle, the--
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rate of ozone formatlon from oxygen (Flgure 3) 1s very low, Pat.--

there is abundant radlatlon above 300 nm that forms oxygen atoms w0

and destroys ozone 1n the presence of NO Thus merely 3x108

molecules N02_cm"3 destroys ozone at a ratevof-lo_percent per‘year;vf

These comparisons_point uP'the’importance*of two,'or
~ preferably three, dimensional models for the study of the
perturbation of.stratospheric ozone by supersonic transports

(SST). A number of one-dimensional models [20] and a few'two
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dimensional models [21] have recently produced_results on the

effect of artificial NO_ on stratospheric ozone.

bnevthree;dimensiohai photochemical modelyof air motions
and photochemistry has'been'applied‘to pefturbetiOn of | .
stratospherlc ozone by supersonlc transports, the MIT general
' 01rcu1at10n.mode1.[22]. The prOJected future 81ze of SST
fleets in terms df mass of fuel burned is glven by Flgureliug'
according to Grobeckef.[23],in>197u. The oircied point ”
_ , 11 ,

: o \ : v
corresponds to the year 1997 when 10 kg fuel per year are

expected to be burned at 20 kmvnominai'cruiéing;height. With
_curreht r-ate_s'-of_'NOx emission, this correspondshto 1.8 x 1012'

grams NO, pef year injected at 20 km. The MITvgfoup took this

rate of em1551on,'and they placed it between uo and 50° north
latltude - One result of their calculatlons is glven by Flgure

>15, where zonal average v;lues of natural ozoneb and SST |
perturbed ozone are glven They calculated a global average

ozone reductlon of 12 percent, and the local max1mum near the

traffic corridor was 25 peroent. Although they‘found mo.re-vaOx

at the eQuator then in the southern hemisphere;'the reduction of ozone
is greater in the southern hemlsphere than at the equator |
(Flgure 15), whlch is of course, con51stent w1th the much simpler
-.calculatlons by the method of_"lnstantaneous rates", Figure 13. _

| It can'be_seent(Figure;lu), that the projeCted'SST's after 1997
correspond.to gteetly'ihcreasedvfleet sizes and'thus to much

gbeéter ozone depletionsvthan‘thatAcalculated:by the MIT three-

dimensional,_general—oinxdaﬁon model in Figure 15.
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There is falrly direct experlmenial conf:rmatlon of the
great aen51t1VJty of the hlgh latltudo de otratosphere to NO2
that is 1ndlcated,by Flgure_13; For many yeane»there has
been noted a‘statistical*correiatienvof overhead ozone witn'
sunspot Cycle.[Qu] Recenflv a physical expianation.of this
effect has been given by Ruderman and Chamberlaln [25]. Cosmic
rays are steered into the polar atmosphere by the earth'
magnetic field, and the flux of cosmlc rays 1s strongly modified
by the solar eleven ~year cycle, one cymptom of which is the
number of sunspots. Thus cosmlc'rays enter the'earth's |
atmesphere in a foealized region; and the signal“undergoes’abbut
a 50-percent modnlation with the eleven yearzsunspot‘cycle,.
Figure 16. This flgure is based on dlrectly measured 1onlzatlon
in the atmosphepe [26] and a constant factor relatlng the
formatlon of nltrlc ox1de)and ion pairs, .Thevcorrelatlon of
measured czone and sunspot cycle for the two 1eng—term stations
is given by Figure 17. A year ago (September 1973) it appeared
anomalous that such small changes of nitric.okide as is caused
by cosmic rays (Flgure 16) could have =Ye) large an effect on‘
stratospheric ozone (Flgure 17) since this sens;t1v1ty-of
vozone to NOX was.greater then that.predicted byjene-dimeneiOnal
models of strafospheric ozone [20d]. Howevef,”this pefturbation .
of ozone by nitric ox1de from cosmic rays is con01stent with o

the 1nsiantaneou° rate calculatlons, whlch glves a great sensi-
tivity. of ozone to NO, in high-elevation, polar regions (Figure 13).

9. Average Solar Radiation and the Diurnal Cycle
In the atmosphere the light'intensity at any location has

a strong diurnal variation and usually a lesser annual
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variation. By dint of major effort, some one d1mens1onal
models of stratospherlc motions and photochemlstry [27] have:
1ncluded the effect of dlurnal varlatlon of sunllght but such.
a reflnement appears to be several years,ln the future for
models including three’dimensional.motions. 1Tﬁus bne’comes.to
'fhe question'd-"What is the approprlate average intensity to
use for- day and nlght changes of solar rad1at10n°" The
essence of- thls questlon was answered decades ago by the photo-

‘chemical method of rotatlng sectors [28] andamore recently by

the method ef molecular modulation [29]. The starting point -

of the old photochemical method of fotatingféectors or the more .

receht_methed,ef molecular modulation spectfemetry is that in
a photqehehicai'experiment with interﬁittent”iight the concen-
>_tration of an.intefmediate speciee is stﬁongiy}dependant en'the
chemical kiﬂefic lifefime’of,the intermediate;f'lf theaphofo—
l&Ziug light turns_0n=ahd'off at a rate SIOQeCQmpared,fe the
lifefime of tﬁeeintermediate,.then fhe.infermediate quickly.
aattaiusditslSteady state'ceucentration, Rs,_inyfhe light’andd
it quiekly'drope to zero in the dark, as'iiiuStrated by
Figure 18. For'equal periods of light and“dark the aﬁerage
concentration R is the tlme-welghted average of the value in
the llght Rg and the yalue in the dark,.zero |

R [ l{R(I) #vR(O)}. ' | a fu '(15)

FAST =~ 2~ R ET :
This case is that of a "fast intermediate" N On the other hand
‘Hlf the photolyz1ng llght turns on and off at a rate fast
_compared to the chemlcal relaxatlon tlme of the intermediate

there is a slow bulld—up to the case for the "slow 1ntermed1ate"
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in Figure 18. -Wheﬁ the light is on, the.intefmcdiate increcases
by a small amount. When the light is off, -fhezintermediate
concentrations slowly drops off; but long before it reachcs
zero, the llght comes back on agaln -The average concentra— ;'
tion is as if the light'of intensity af alldtimes had the-
avefage value‘between illuminated and dark-befiods

RsLow

= R(I/2) S e

If the intermediate varies in proportieh:to'light intensity,
the two averages, ﬁFAST and ESLOW’ w111 be the same. However,
if the 1ntermed1ate is not proportlonal to llght 1nten31ty.
the fast and slow averages are not the same. A frequently
encountered case is that where the radlcals-are destroyed in a

reaction second order in radicals

Q:' o,
+x

=31 - kR S an
In this case‘the’steady—sfate coneentration_df ?adicals in

light of intehaity I is

Rg = (3 I/k)l/2 | o asy
The average eoneentfation ih-intermitfent 1ighf;for the fast

intermediate_igve

Ry ; B 9
’but the averagéfeoneeatration of the sloﬁ interﬁediate is the
Substantially,largerbYalue." ' :

= Rg/ ()12 o o (20)

»VRSLOW



Some substances in the st;ztosphere havevchcmlcal relaxa-
tion tlmes that are‘very_short compared to the length of one
day: singlet-oxygen atoms, triplet oxygenlatoms, the ratio
NO/NOZ, andvothers' Some substances or famllles of substances o
respond very slowly compared to the dlurnal cycle, for example,
the formatlonwof NO from nltrous ox1de N20 and,lts loss-by
transport and washout as nltrlc acid in the tr0posphere The‘.
formation and destructlon of dlnltrogen pentox1de N205 occurs
“w1th very nearly the same frequency as the dlurnal cycle.

Ozone responds to solar radiation'in afvery strongly noné

linear way, approximately:

3" - 2 3,00,] - 2 k,[0] [0y - 2k [0] [N0,]

T < 'jc[O.BJ'— kb[O] [023 [(M1= 0‘_ R 2

_...__dmozj = ke [NO][O 1 -k ZOJ[No INO,]

at . 2 3h
~ Thus it is_veryyimportant to use the proper;ayerageflight‘
intensity for‘photochemical, atmospheric calculations._ The key
to proper average is the chemlcal relaxatlon tlme of ozone
_relatlve to the duratlon of daylight. The characterlstlc:times
of ozone.arergiven by Figure 4. The ozone replacement times in
’dayllght vary from four hours at the top of the stratosphere to
several years at the base of the stratosphere. Relative to,the
';dlurnal cycle,-ozone is a‘"fast" photochem;cal substance_at_the
: topvof‘theistratosphere,vand a "slow" photochemical substance ‘l

in the_lower stratosphere. Since the proper average light
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1nten51ty depends on the ratio of chemical relaxatlon tlme to

the duratlon~of daylight, there is no averaglng procedure-
suitable for-all elevations. For the 1ndef1n1te future, complen _
models of,atmospheric motions and photochemlstry W111 be forced :
to accept thelrather Severe'approximation of'somevaveragevn
light intensity.. | o | |

The method of "1nstantaneous photochemlcal reactlons" isl
a three- dlmen51onal model that does not requlre an average
light 1nten51ty It replaces an’ average over time with an
average of 1nstantaneous rate over three dlmen51onal space. of
vcourse, the method of 1nstantaneous ratesv;quulte limited 1n»
the questions it can consider. However ituhas;some distinct

advantages over all other models for some problems.

_ld. cTne GeneralrMethod of ﬁInstantaneous"Rates“
Applied to Atmospherlc Methane_Chemistry

The previousvsections have discussed in detail tne applif
cation of the method of instantaneous rates-to'simple reaction-‘
mechanisms. 'The‘general metnod-considers anyhnumber of
chemlcal reactlons and any number of spec1es. 'Photolysis
-constants are calculated in each volume element 1ndlcated by
vFlgure 8. Assumed or obServed.concentratlons.of alr, OZOne,
water, NO_, etc. a551gned to each volume element. -ThetGear:
iroutlne adapted for- photochemlcal reactlons [30 ']‘is operated'
':for a tlme long enough to let fast 1ntermed1ates bu11d up to

a steady state but short enough to av01d any . 51gn1f1cant

change of the major reactants.._At that tlme,_the computer'prints'
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oul the instanfaneous rates of all_reactions,o These
instantaneous-rates'can then be compared Qithoeaoh other or
integrated oVer‘thc hemisphere or globe.‘ Theoprogram can be
subscripted to glve the rate of productlon or loss of a

species by a spec1f1ed process.

Thls method was used to examine the'rates of ozone 
productlon from the mothane—NO smog reaction and the: rate of
ozone destruofion'by %hé'NOA catalytlc cycle, [3g] Flgure 19.
At ub5° 1at1tude in the spring, ozone is formed from methane and
NO, by the smog reactlon below113 km at a rate faster than 1t

2

is destroyed by NO However, above 13 km, the reverse is the

2.
case. At 30'km,aNOX destroys ozone one hundredotlmes faster

than methane—NO*.forms ozone.
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TITLES TO FIGURELS

' Standard temperature contours (January 15) -90°, north

pole; 0?, equator, +90°, south pole. botted_line is

approx1mate locatlon of average tropopause Zonal average.

'Standard (January 15) ozone concentratlon in units of

o =3
nolmmﬂes tcm expressed as zonal- average contour lines

(7El2 means 7x1012).

The varlatlon-of the ozone maximum _
w1th_1at1tude can be read from the figure.
Zonal average rate of the photolysis'oquXygen (ja[Oz])

for the process

0., + hv (below 242 nm) > 0 +0

;2

(Standard January 15).

Zonal average ozone replacement time; thatjis, 1oca1

ozone concentration (Fig 2) d1v1ded p01nt by p01nt by

ozone formation rate. -January 15

Zonal arerage'rate ofrthe photoly31sgof;ozonev(jc[03])

for theoprocess;

0y + hv » 0, + 0
(Standard January 15).

Zonal average contour maps of triplet oxygen atom concen-

tration.'molecules'cm-s. Note the strong stratlflcatlon ofd“-

these concentratlons and the rapld decrease w1th decrea51ng-'
elevatlon. (January 15) :
IllQStpationtof_the role of horizontal air motions‘in-moying'
ozone from.the'ozone formation region:to'the poiarvregibhs{_f

This figure is a partial-Superposition-of'Figs;-2 and 4.
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TITLES TO FIGURES, CONT.

8. Three dimensional model and grid of.volnme-elements.for

the calculation of instantaneous'photoehemical rates.

Startlng:with obsefved (standard) distributions of tempera-

ture and ozone, the dlstrlbutlon of radlatlon is calculated e

in each volume element and chemlcal and photochemlcal '
bhrates_are calculated in each volume element. ‘Then these:

rates are_integrated to give.zonal average rates, and:-

furthef'integrated to give:instantaneons?globaldrates,

Q. \‘Results of;Monte Carlo calculation of-the globa1COZone
balance accordlng only to the Chapman mechanlsm | Random
multlples of the standard dev1atlon (Equatlon ll) were
dealt into each of flve experlmental quantltles (I ’ 02;
O35 kb; kg ) The calculated quantlty is the global rate
of ozone'formatlon nlnus the global rate of ozone |
destructlo_n _by reaction e (3 E9 ='3x109, e_t;c.)

1Q. Vertioal:pfofiles'of observed NOé “Thefcurve p’= 4.5 isl

| the amount: of NO2 that would destroy ozone 3 5 fold faster
than the elementary reactlon O + O -+ 02 + 02 destroys
4ozone, whlch is the amount of NO2 requlred to destroy 70%.'
of the ozone_formed from solar radlatlon.“ The various |
‘obser_vation's: wefe made by: AM, Ad\eman and Muller (197?, o
1973); B,,f":i_arewef et al. (1973, 1974); Fi‘,':.-rafmer'g_t__g_. |
1974y M. Muf‘cnay et al. (197u). Dia'gonal fnnes,]mz role fracti'on-..f
1. ihe concentration ofrutromaxdloxuia molemﬂes an ) requ1nxlto
destrov ‘ozone at 10 percent of the rate of formatlon of ozone from sun-'
light (Equatlon 13)

' [110210.l = 0.10 ja[ozl/kgm
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The concentration of nitrogen dioxicde (molecules am 7) required to
destroy local ozone at an instantaneous rate of 10 percent per year
(EQuation.l4)

[NO ° = 0.05[0,)/3.15x10" k_[0]
f0,1 - ¢
The concentration‘of'nitrOgen dioxide Onoiecules cm73)_to have a lQ‘

percent effect on ozone everywhere. [N02]0 1 is the
. F D |
larger of [Noz]o.l or [N02]0 1+ To be sufflcledt to

account for the global ozone balance, nitrogen'diOXide
in the nafural stratosphere must on the average be between
4 and li{tiﬁes-these values. - A1t1f1c1al NO » as from,SSTs,
woold increase‘the rate of ozone destructlonvby.lo

, 1 ; . _

pereent if the amount is equal to these concenfrations{

is high enough ozone is destroyed eVen in the

o
!

2
detached ozone region (compare Figure 7).

Fuel burned in various altitude bands. by supersonic _
aircraft (exclusive of hypersonlc transport, HST) as progected (Groebecker, 1074
to  the year 2025. The NO produced is the product of the
fuel burned and the N02 produced per mass of fuel. At

Concorde rate of NO2 production the maSS'of NO2 produeed

would be: b o S o
1990 - 0.18x10%% g ypt
1997  1.8x10%% g yr7t
2020 18x102 g yr~!

Latitude dependence of ozone reduction'whenfall SST flights
occurred between 40 and 50° North, accordlng to MIT

three dlmen81ona1 model. The rate of 1nject10n corresponds

to 500 Boeing SST as projected ;n 1971 (but_wlth reduced.
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TITLES TO FIGURES, CONT.

(continucd)‘ |
NOx emission index, 15 g NQ per kgdfuel)'or to,the point -
circled in Figure 1l4. The world-wide_average.ozone-» |
reduction is 12%; the looal'maximum nearethe-flight
corridor is 25%. One Dobson unit_i§-2}68fx 1016
‘molecules cm | | -
Formationﬂof nitric oxide from cosmic rays- The rate of
productlon of atmospherlc ions and nltrlc ox1de from
cosmic rays-varles by about a factor of two as a function
of the eleven‘year solar cycle. ThlS flgure glves the "
magnltude of NO produced per year (molecules cm ) at the minimum of the
eleven year cycle, or it can be 1nterpreted as the modu-»
lation amplltude of the perlodlc 51gna1.e
The'va atlon of to{al ozone at Tromso (70°N) and Arosa"c
'(H7°N) as a function of sunspot number, accordlng to
Angell and Korshover (reference 23a). ‘Note the decreasing'
amplitude as one moves.awayvfrom the polar;source_(Figure
15) B o _ S : o
Relatlon of a photochemlcally produced substance to -
frequency,of modulated light as a function:of its

" chemical relaxation time. .A fast intermediate.closelv

_ follows tne exc1t1ng llght and the approprlate average:vf_
is one half the concentratlon produced by the full llght.;
A slow 1ntermed1ate osc1llates w1th small amplltude and
80° phase shift about an intermediate value correspondlng'

. to a.steady llght of half the ‘full 1nten51ty. If the -

concentratlon of intermediate varies non- llnearly w;\th lJ.qht o

1ntens1ty,~these two averages are-dlfferent.




19.

-31-
TITLES TO FIGURES, CONT.
Verticai profiles of the rate of fopmétionfof:pzone from the methane -
NOx - smﬁg réaction and of rate bf ozone déstfﬁétion from the N02 |
catalytig cyclé. ‘The former reaction incfeas;sbwith.'backgrouﬁd 03’ CH43_
Hzo.and thé.latter reaction is proportional tbvfhé cbncenfratidn'of
oxygen atoms and NO,. For a given set of 36:reaétioné, thgré.is a cross-

over at about 13 km between ozone destruction and ozone formation so far

-as NOx is ‘concerned.



(11

{2)]

£3]

_32_
Blbllography

(a) D. Gar&in and R. F. Hampson, E4. "Chemioal'Kinetios
Data SurVey:VII. Tables of Rate and;Photoohemical'Data
for Modeiling of the Stratosphere"’NBSIR”7"—H30 (1974),
ldl'pp. 'NationalvTechnical;Information Service,-Springfield,
Virginia:22151. (b) R. T. Watson, "Chemioai Kinetics Data'
Survey VIII; RatevConstants of ClOX-of;Atmospheric
Interest" NBSIR 74-516 (1974), us PP o o

E. E. Ferguson, "Rev1ew of laboratory measurements of
aeronomic ion—neutral reactions", Ann. Geophys._ZQ; 389- -
396, 1972. | |
(a) G. Brasseur and S Cieslik, "Onltheﬁbehavior of nitrogenv“'
ox1des in the stratosphere", Pure and Appl Geophys » 106-
108, 1431*1&38, 1973. (b) G. Brasseur and M. Nicolet,
"Chemospheric processés_of_n;trlcaox1de ;n-the mesosphere
and Stratospbere"'"Planet Space-Soi " ?i '939, 1973

(c) J. S. Chang, "Global TranSport and Klnetlcs Model"

UCRL—51336 Lawrence leermore Laboratory Report 1973a.

(d) P. J. -Crutzen, "A dlscu551on of the-chemlstry of some
minor constltuents in the stratosphere and troposphere"

Pure.Ale. Geophys., 106—108,_1385—1399,'1973b. (e) I A._

'"Isaksen,r"Tnebproduction’and distribution of nitrogen oxides

in the lower_stratospheresture Appl. Geophys.,;106¥108;

1438-1445, 1975' (f) H. S. Johnston and‘ﬁl Graham, "PhotoF :

| chemistry of NO and HNO Compounds", Canadlan Journal of

v°0hemistry 52, 1415 (1974) (g) H. S. Johnston and

E. Qu1tev1s,-"The oxldes of nltrogen w1th respect to urban

smog, supersonic transports,'and global methane." Paper-




(3]

. . =33- ,
Bibliography (Continued) . B

(g) presented at Fifth International Conference of

Radiation Researeh, Seattle, Washington,'Jaly 14-20, 1974,

(h) T. Shimazaki and T. Ogawa, "Theoretieal models of minor

constituents' distributions in the stratosphere and the

impactS'of the SST exhaust gases", Paper presented at the

’_IAMAP/IAPSO Flrst Spec1al Assemblles, Melbourne, Australla,

[u]

£s]

18]

(7]

1974. (1) S. C. Wofsy, J. C. McConnell, and M. B. McElroy,

"Atmospherlc CHu, co, and C02", J Geophys Res. 77,

4477-4493; 1972.
(a) H. L. Crutcher, "Temperature and humidity in the tropo;

sphere", World ‘Survey of Cllmatology, Vol 4,-ed1ted by

D. F. Rex, Elsev1er Publlshlng Co. Amsterdam-London-

New York 45~ 83 1969 - (b) H. U. Dutsch, "Atmospheric
! S ' ' :
ozone and ultrav1olet radlatlon", World Survey of Clima~

olog ’ VolumeAu,,edlted by D. F. Rex, Blseiier Publishing
Company, Amsterdam—London-New York, 383 w32 1 1968.

R. B. Setlow, "The wavelengths in sunllght effective in

'produc1ng skln cancer",'submltted to Proceedlngs of the

Natlonal Academy of Sc1ences (USA) 1974

Blologlcal Impacts of Increased Inten51t1es of Solar Ultra-"

ylolet Radiation, National Academy of Sc1ences, Natlonalh

Academy of Engineering,IWashingtOn, D. C., 1973.

(a) H. S. Johnston, and G. WHltten, "Instantaneous photo-
chem1ca1 rates in the global stratosphere," Pure Appl.
Geophys., 106 108, 1468-1489, 1973 (b) H. S. Johnston and'f

G. Whltten, "Reactlon of ozone wlth nltrogen ox1des at high

' altltudes" AGARD Conference on Atmospherlc Pollutlon by B

Alrcraft Englnes, 1973,



(8]
(9]

{10]

[11]

[12]

[13]

- o . o =34-
Bibliography (Continued)
L. Aldaz-, "Tlux mca-surerrbnts of atmospheric ozone oﬁe’b land and water" '
J. Geophys. Res., 74 6943-6946, 1969. -
A. W. Drever and A W. Uilson, "The reglons of formatlon of atnospherlc
ozone", Roy. Meterorol Soc. Quart. .,,94 249-265, 1968,. |

H, Tlefenau, and P. Fablan, "The spec1f1c ozone destructlon at the ocean

| surface and 1ts dependence on horizontal w1nd veloclty from profile

measuren‘ents"' Arch. Met. Geophys. BlO}’l Ser A2], 399—412 1972 |

H. Boshizaki, J. W Myer, and K. O Redler, "Potentlal destructlon of ozone .

by KC1 in rocket exhaust", ' Chapter 4 in Advances in AJ.rcrafts and Fuels.

Also Report 1IMC-D-354204, Lockheed, Palo Alto, Callf., 1973.

(a) M. Molina and F. S. Rowland "Stratospherlc s:.n]r for chlorofluoroneﬂwanes -

c:hlorlne atom catalyzed destructlon of ozone", Mtue, 249 810—812 1974

(b) R. S. Stolarski, and R. J. Clcerone, "Stratospherlc chlorlne Poss:.ble
~ sink for ozone, Can J. Chem., 52, | 1610-1615, 1974,

(c) P, Crutzen, "A review of upper atnosphere photochemlstty Can. J. Chem 52

1569-1581, 1974 | » .
@) S. C. Wofsy ‘ana M, B. McElroy, "HO,, MO, and cio':_ Their role in atmospheric
photochemistry”, Can. J. Chem., 52, 1582-1591, 1974. B |
(a) H. S. Johnston, Kmet:n.cs of Neutral Oxygen qpec1es", U S. D°parhrent of
Ccmterce, NatJ.onal Standard Reference Data System, Natlonal Bureau of qtandards, ..

- Vol. 20, 1968

®b) P. J. Crutzen, "The J.nfluenoe of mtrogen ox.1des on the atmospherlc ozone o

content", Quart. J. Roy. Meteorol. «r 96, 320—325 1970



[13]

f14]

_ '-35~
Blbllography (Continued)
(c) H. S. Johnston, "Reduction of stratosphoric ozone by
nitrogen_oxidevoatalysts‘from supersonie;transport exhaqst" _
Science _1_;73, 517-522, 1971; Catalytic rcduction of stratospheric_: “ |
ozone by nitrogen oxides, UCRL.Report Nb. 20568,Al—10§,
1971. (dinichard Graham of this 1aborat0ry finds that the

photolysis_oijO3 to -produce NO + O2 seems-to have a small

'quantum yieid, which makes the reaction NO? + O3 > NOé +,O2

neutral so far as the ozone balance is concerned. This
work is not yet completed. -

(a) P. J. Crutzen, "Oione production'rates in an oxygen-
hydrogen—nitrogen oxide atmosphere", J. Geophys; Res. 76,

7311-7327, 1971. (b) M. B. McElroy, and J. C. McConnell,

"Nitrous oxide: ' A natural source of stratospheric NO",

J. Atmosoherio Sci., 28, 1095~ 1098, 1971 - (e) M. Nlcolet -

~and E. Verglson, "L'Oxyde ‘azoteux dans la stratosphere"

~ Aeronomica Acta, 90, 1-16, 1971.

{151

[16]

C. B. Farmer, 0. F. Raper ‘R. A. Toth, and R. A. Schlnd er,
"Recent resnlts of aircraft infrared»observations'of the
stratosphere", Proc. Third Conf. on CIAP;-in publication,
1974, | o B

(a) D. M. Cunnold, F. ﬁ Alyea, N. A. Phillips, and

R. G. Prlnn; "A general c1rculatlon ‘model of stratospherlc

'ozone", AIAA Paper 73—529 Paper presented at the AIAA/AMS

Internatlonal Conference on the Env1ronmental Impact of

Aerospace Operatlons in the ngh Atmosphere, Denver, Colo.,'

June, 1973.



, -36-
Bibliography (Continued)

[16] (b) R. E. Dickinson, "Motions in the stratosphere", Proc.

(271

[18]

[19]

of the Surv. Conf. on the ClimatictImpact'Assessment’

,Program, 148~ 161, 1973. (c) J. London,.and J. H. Park,

"The 1nteractlon of ozone photochemlstry and dynamlcs 1n

the stratosphere—-a,three-dlmen51onal atmospherlc mode,"

Paper presented at the TAGA Symposium on Aeronomic ProceSSes'

in the Stratosphere and Mesosphere, Kyoto, Japan, September,_:

1973. (d)-J. D. Mahlman, "A three dlmen51onal strato-

- spheric p01nt source experiment and 1ts 1mp11catlons for
dlsper31on of effluent from a fleet of supersonlc alrcraft"
. ATAA Paper 73 528 Paper presented at the AIAA/AMS-Inter—

natlonal Conference on the Env1ronmental Impact of Aerospace;v

Operatlons in the ngh Atmosphere, Denver, Colo., June,

1973.

H. S Johnston, "Supersonlc alrcraft and the ozone layer" :
Env1ron. Change, 2, 339-350, 197u |

T. M. Hard “Stratospheric trace-gas measurements,
Technlcal Report Transportatlon Systems Center, Cambrldge,v
Mass., May, 197u ' N

(a) M. Ackerman, and C Muller, "Stratospherlc methane and

nltrogen dioxide from 1nfrared spectra", Pure and Applled

,Geophys1cs 106-108, 1325-1335 (1973). (b) AW, Brewer,

C T. McElroy,.and J. B. Kerr, "Measurements of nltrogen t

,d10x1de from -the Concorde 002",-Th1rd Conferencevon'

Climatic Assessment Program, Cambridge, Massachusettsn(1979).




(191

[20]

Bibliography ?éontinued) -
(c) D. G. Murcray, A. Goldman, F. H. Murcray, W. J.
Williams, J. N. Brooks, and D. B. Barker; ﬁVertical.
dlstrlbutlon of minor- atmospheric constltuents as derlved
from alrborne measurements of atmosphcrlc em1831on and
absorptlon spectra » Proc. Second Corif. on CIAP, DOT TSC-
0ST-73-4, 86-98, 1973. | | |
(a) J. S. Chang, "Simulations, perturbatibns, and iﬁter—

pretationsg" Paper presented at the Third CIAP Conference,

‘Cambridge, Mass., Feb. 26-Mar. 4, 1974. -(b) P. J. Crutzen,

"The photochemistry of the stratosphere with special

~attention given to the effects of NOx emitted by supersoﬁic

aircraft," Proc. of the Surv. Conf. on the Climatic Impact .
Assessment Program, 8-89, 1972. (<) P. Crotzen,v"A beview

of upper atmospheric photochemistfy", Can. J. Chem., ég, ;

' 1569-1581, 1974.. (d) H. S. Johnston, "Photochemistry in the

stratosphere", Acta Astron. 1, 135-156,_1975. (e)'M.‘McElroy;v:
'S.‘Wofsy, J. Penner, J. ﬁcConnell, "AtmosPhefic ozone§; '
Possible impact of stratospheric aviationﬂ,‘J. Atmospheric

Sei., 31, 287-300, 1974. (f) R. W. Stewart, "Response of

stratospherie ozone to the simulated injeétibn of nitric
oxide", Paper presented at the Fall Amerlcan Geophy51ca1
Union Meetlng, San Franc1sco, Callf K 1973 (g) R C. Whltten,fb
and R P. Turco, "The effect of 'SST em1351on on the earth'

ozone layer"; Paper presented at the IAMPA/IAPSO Flrst

'Spec1al Assemblles, Melbourne, Australia (1974).



[21])

Bibliography (Continued)
(a) E. Hesstvedt, "Reduction of stratosphere ozone from
high-flying aircraft studied in a two—dimensional"photo—
chemlcal model with transport", Can J. Chem s 92, 1592~

1598, 1974 (b) R. K. Vupputuri, "The role of strato-

- spheric’ pollutant gases (H 0, NO ) in the ozone balance

and its 1mpllcatlons4for the seasonal cl;mate of the

‘stratosphere', Paper presented,at the IAMPA/IAPSO First

Special Assemblies, Melbourne, Australia, 1974.

- (e) G. F. Widhopf, and T. D. Taylor, "Numerical experiments -

223

[23]

tzu]

on stratOSpherlc merldlanal ozone dlstrlbutlons us1ng
parameterlzed two-dlmen51onal model" Paper presented at
the Thlrd Cllmatlc Impact Assessment Conference,‘Cambrldge,b
Mass., February 26 -March 4, 1974 | |

D. M. Cunnold, F. N. Alyea N. A Phllllps, and

R G Prlnn,'"Flrst results of a general 01rcu1at10n model
applled to the SST- NO Droblem",;Paper presented_atva meetlng e
of the AMS/AIAA Second International ConferenCe'on the
Enuironmental Impact of Aerospace Operations in;the High'
Atmosphere,'San Dieéo, Calif., July 8-10“'lé7u

A J. Grobecker, Research program for assessment of

stratospherlc pollutlon Acta Astron . 1 179 22u 1974,

v(a) J K. Angell, and J. Korshover, "Qua81-b1enn1al andv

Long-Term Fluctuatlons 1n ‘total ozone", Monthly Weather:
Rev., 101, 426 Ly3, 1973.  (b) A. D. Chrlstle, "Secular or_

cycllc,change'ln ozone", Pure Appl. Geophysg, 106-108,

| 1000-1009,'1973; (¢) H. C. Willett, "The‘relationship of

'total atmospherlc ozone to the sunspot cycle", J. Geophys

Res., 67, 661 670 1962

-——-



-39 |
Bibiiography (Cbntinued) |

[25] M. A, Rﬁdefman, and J; W. Chambériain,i"origin'of the
sunspot mbdulation-of ozone: Its impliéafions for~strat6— -
sphericxNO injéctién";'IhStitute'for DéfénseiAnaiysis
JSS-73-18-3, 1973. | - f{

£26] H. V. Neher, "Cosmic rays at high latitudes and altitudes
éoveriné.féur-solar maximaﬁ,.J.‘Geophys.-Res.,.Zg, 1637- 
1651, 1971. o | L ”

£27) R;lJ.iGeliﬁas;»ﬁDiurhéi kinetic'modelling"g La&rehce'
.Livermobe Labofatory Report UCRL—75373,ﬁuO PP » Januarj

N

197%.

'528] R..G. Dickiﬁson, QUoted in\The'PhotochemiStry'of Gases, .
‘_ W. A. Noyes; Jr. and P. A. Lelghton, Rhelnhold Publlshlng.
Corp. (19u1) pp ‘202 209. |
£29] H. S. Johnston, G. E.jMcGraw, T. T. Paukert L. W, Rlchards,
- and Jf van den Bogaerde, "Molecular modulatlon spectro—. "
metry I. New method for observing 1nfrared spectra of free
rad1ca1s" Proceedlngs of the National Academy of Sciences,
57, 1146-1183 (1967). | - B
£30] J. S. Chang, A. C. Hlndmarsh ~and N. K. Madsen,‘"Slmulatlonk
of chemlcal klnetlcs transport in the stratosphere", v
‘UCRL574823;_Lawrence Livermore Laboratory,-Livermore,

California, 1973.

This work was done under the auspices of the U. S. Atomic Energy Cbﬁhissiod.



Altitude (Kkilometers)

BN

50

40 =

W
o

n
o

1

- Temperature (°K)

-60

Latitude
Fig. 1 XBL 728-6734

i v



Alfi.thde (kilometers)

I
O

| 90
° : _SOUTh
S _ Pole

°N - - Equator

Fig. 2 - = , - 'XBL 7310-5540

-1%-



40

‘Altitude (kilometers) -

50

0+ hy — 0+ 0, Rate (molecules cm™3 sec-!)

-

w
O

N
) O

-75

60 -45 30 -15 0

Winter

Latitude

| _Fig. 3 -

15 30 45 60

Summer

75

20




- Kilometers =

OZONE REPLACEMENT TIME, JANUARY I5 (LOCAL OZONE
' CONCENTRATION DIVIDED BY LOCAL OZONE FORMATION

Winter

RATE)

- Summer

50—

- W
O

N
O
I.

_ Polar Night

1 ]

,.__-2_Yedrs»

10 Years

,f‘.‘,3]H  —TTT

0 o 30 60 90
| o : " ~South
- Pole:

 XBL 7310-5506

_Ef]_



50,

' O3+,h" —> 0,+0, Rate (molecules cm-3 se_c")

— ‘}‘ —d S *..'..,._‘;‘ -, N | ' . gi_?

-
o
2 30
S
= }
[+
2 |
3 20}
]
10}
oL
-90

-75 -0 -45 -30 .15 . O 15 30 45 60 75 90
' Winter . B o ' . Summer - ‘

‘Latitude

Fig. 5 .

.-{717..




]

oW RN ™ R o

45—

L e e T e e .Tv#.ifino.‘.7....,‘1..7‘i+|.91.....|.#|$ 4+t -ttt
o O O i, O _ & _

<t i

CSYALINUTDD, T

—

o

LATITUDE

Fig. 6



Kilometers

50

40

OZONE CONCENTRATION JANUARY 15, RELATIVE T0 OZONE
FORMATION REGION, TRANSITION REGION, AND DETACHED
| - OZONE F’EGION |

;Winter ' Summer

T

T T

-.9'7.-

o) R WA NS St TR ALY A TS PN VS M N SN SA MR T
) 60 30 0 30 60, 90
o o C Fig. 7 . | . '
SRS XBL 7310-5507



~ PHOTOCHEMICAL
INSTANTANEOUS RATES

ELEVATION GRID
 LATITUDE GRID
 LONGWUDE GRM)

(1) SPRING - FALL

- 2)- WINTER SU

, MOLECULES cM-3SEC™!
l uSUNLIGHTl l l |
VY Ve
WORLD

WAVELENGTH GRID

CALCULATIONS

| NANOMETER
’IMLOMETER
5 DEGREES

| IHOUR (15°)

(MARCH 21)
MMER (JAN.I5)

Fig. 8

. XBL728-6775

_L{?_



Numb'er of Cases Calculated

20

UNBALANCED OZONE PRODUCTION (CHAPMAN NECHANISM) WITH
 MONTE CARLO ASSIGNMENT OF EXPERIMENTAL ERRORS

1B

a

T T I T T

_8 {7_

LAY .
400 90 |  600 | 700
,U”ifs 10° MoleCUIes sec”! o o !

Fig. 9 :-XBL745-6397 '




.\.. | | —49'_, )
- Nitrogen dioxide

50

40 |

Kilometers
_
O

20 —

. Sunrise '
. _ B _
: | Sunset -

- IFG]
I

10°

10° 10'°
Molecules cm™ =

. XBL74B-3836

Fig. 10

ol



Altitude. (kilometers)

-50-

Nitrogeh Dioxide Required to Destroy Ozone ot 10% of the Rate of Formation From Sunlight.

1 T T T I T T T u

30

Polar
{~ Night

20+

0 ' 1 ' = — J
-90 -75 -60 -45 -30  -I5 ¢ 15 30 .. 45 60 75 ,90
o ~ South

North K . Letitude |
» XBL 745-6206

Fig. 11




Altitude (kilometers)

-51-

Nitrogen Dioxide Required to Destroy 10% of L_bcol Ozone Per Yeor. -

South

T T T T T T T T T T
: . C T \

30 & ) 3E 7 . . R A

Potar \\ : : \

Night \__\“\ _£8 5 |

B o ' ’ 4 o ~—_
20—
10—
0 :
90  -75  -60 ,
North Latitude
X8L 745-6‘2.04 .
Fig. 12 .



Altitude (kilometers)

-52-

Nitrogen Dioxide (10° molecules sec™') Required to Have 10% Effect on Ozone Everywhere.

I T =T T T I T l T
40} 0.1— , -
30— , | ]
1 Polar —
| Night - 0-3(\
| 04
20}— 3
o \:
L \ L
590 45 60 75 90
North Latitude . e - South -

- XBL 745-6205

Fig. 13



-53~-

10,000

1,000

‘18-21

Fuel Burned“(lol2 g/yr)

| j.'oo_.'

115-18 km |

10|

‘ m¢_nl l IJ Ll : | SIS W—t .;.',..4.4,.*.4“;.,_,,:.4,,,.,;‘ ors ‘ | |

l980 l9°O 20002010 2020 2030

Colendar Year

g xBL748 6986

. Flg. 14 T



~54-

TOTAL OZONE DISTRIBUTION (DOBSON UNITS)

Spring | . Fall

B TR S R R
790 60 30 0 30 60 90
- North ~ South
. Latitude

- ———Natural Ozone
- Perturbed Ozone

Fig. 15




Kilometers

wmfe'rf

COSMIC RAYS PER YEAR

Summer

;' MODULATION AMPLITUDE OF NlTRlC OXIDE FORMAT!ON FROM

T»

a0

]
|

|
I
\

- Ozone Source Region

7

_S‘g_

O
90

~ North

- Pole

T 60 |
N

- 90
- South
Pole

' XBL 7310-5539



‘Ozone Variation (%)

200+

100

-56-

- Sunspot Number

\

[

1936 1942 1948

1954,

/\

| 1960'

¢966 

,/

32 monfhs

Fig. 17

38 mbh‘t.h's'_‘ o |

!.,.




—

Light

_Fost Inter'mediote

— v e c— i — ——

e e . e cr— — e ———

27T

XBL 748-7093



451

E_le,votion' (kilometers)

~58-

OZONE FORMATION FROM THE SMOG REACTIONS BASED
ON METHANE AND NITROGEN OXIDES
(45° LATITUDE, SPRING)

51O e e o ) s S N 1 R B B B 1B G B 11| R R R R RA
40 Ozone Formation -
From CH, and NO,-

35 .

301 :

2% ! u

20 : S -
| Ozone Destruction

15 By}‘ NOx .
10 i
5 -
e o ol e ™ cnl

© 108 10° 104 0> 0%

Reaction Rate (molecules cm” sec™!)

Fig. 19 ‘

3

XBL 747-6687

Tl




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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