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Abstract

Starting with the average, actual aistribution of ozone
(Dutsch, 1969) and temperature in the stratosphere, we have
calculated the solar intensity as a function of wavelength and
the instantaneous rates (molecules cm-3‘sec_l) for each Chapman
reaction and for each of several reactions of the oxides of
nitrogen. The calculation is similar to thatvof Brewer and
Wilson (1968); These reaction rates were calculated independently
in each volume element in spherical pdlar coordinates defined
by AQ = 1 kilometer from zero to 50, Ae:#.5° latitude, and A¢ = 15°
longitude (thus including day and night conditions). Calculations
were made for two times: summer-winter (January 15) aad spring-
fall (March 22). As input data we take observed solar'intenSities
(Ackerman, 1971) and observed, critically evaluated constants
for elementary chemical and photochemical>rea¢tions;_no adjustable
- (These are not "photochemical equilibrium" calculations).
parameters are employed:A According to the Chapman model, the
instantaneous, integrated world-wide rate of formation of ozone
from sunlight is about five times faster than the rate of ozone
destruction, and locally (lower tropical stratosphere) the rate
of ozone formation exceeds the rate of destruction by a factor
as great as 1000. The-global rates of increase of ozone are more
than 50 times faster than Brewer and Wilson;s (1968) estimate
of the average annual transfer rate of ozehe:to the troposphere.

The rate -constants of the Chapman reactions are believed to be

well—enough'known that it is highly improbable that these



discrepancies are &ue to erroneous rate constants. It is concluded
that something else besides neutral oxygen species is very
important in strétospheric ozone photochemistry. The inclusion
of a uniform concentration of the oxides of nitrogen (NOx as NO
and NOZ)_averaging 6;6*10—9 mole fraction giVes a balance between
global ozone formation and destruction rates. The inclusion of a
uniform mole fraction of NO_ ét '28><10-9 also gives a global
balance. These calculations support the hypbthesis (Crtuzen,
Johnston) that the oxides of nitiogen are the most important
factor.in_the global, natural ozone balance. Several authors
have receﬁtly'evaluated the natural source strengthrof NOx in the
stratosphere; the pfojected fleets of supersonic transports would
constitute an artificial source of NOX about equal to the
natural value, thus promising more or less to double an active

natural stratospheric ingredient.



Introduction

Dutsch (1969) has published a review of giobalvozone
distributions, the (Chapman, 1930) photochemicai'theory of ozone
formation (equilibrium and non-equilibrium), and.the role of
latéral transport in the stratosphere in shapihg the distribution
of ozéne in terms of latitude and season. Thé.détails of this
review will not be repeated here, but certain étages of Diitsch's
aﬁalysis will be copied down for ready reference.

Under conditions of the stratosphere Chapman's photochemiéal

thecory of ozone formation and destruction is given by four chemical

equations

£, .

02-+ hv — O + O : (1)
. K, .

0+02+M~—*O3+M

fs
O3+h\)—+02+0

ks

0-!*03"--*024-02

The reaction rates for each chemical reaction are respectively

_ dfo.]

. —as‘“:%,d—é(‘zfl‘:leozl S | (2
- g?g%a']— = £5004] (4)
- dl0] -k o110,] : 5)




Dutsch gave a clear explanatlon of the meanlng of the photochemlcal
rate coeff1c1ents f2 and f3 . Also he pointed out that oxygen
atoms very rapidly (seconds) attain a steady-state concentration

‘with respect to the local ozone
(01571051 = £/k,[0,) M) | | (6)
Ozone, on the other hand, has a characteristic time that is highly

variable with elevation. Ozone is potentially capable of attaining

a Steady4state concentration

[0.] £k, M) \/?
3’s _ 2 72 ’ (7)
.[02] f3 k3
The relaXation time  (time for half-restoration to equilibrium)

is given as

_ 172
=1 <____k2[m > B (8)
| 4\f; £3 | '

Ditsch's TablebI lists these half-times as a function of latitude,
season, and elevation. Typically the times ate a few hours at
45 km, a few days at 35 km, a few months at 25 km, and many years
at 15 km. Alr motions in the stratosphere are much faster than
photochemistry in the lower stratosphere, but'the photochemical
reactions are fast in the upper stratosphere so_the photochemical\
steady state should be very cioeely approximated above 35 km.

igs notedbby Diitsch (1969): "There is complete disagreement
between theory'and observation with respect to seasonal and
latitudinal’variations...it has become clear that the redistribution

of ozone by air motions produces the above-mentioned discrepancies."



The purpose of this paper is to re—examine (in light of
recent laboratory results) the question as to whe;her the
Chapman model is adeqﬁate to‘predict the obsefvéd values for the
total ozone content if averaged over the globe and over the year.
In making thlS comparison it is des1rable, so far as p0551ble,
to get around the difficult problem of air motlons and air
transport inside the stratosphere. There is relatively little
transport in one second, and thus we have calculated inétantaneous

of elementary chemical reactions
(one second), world-wide rates,based on observed ozone distributions.

A

Integration over the entire volume of the stratosphere cancels out

the effect of‘transport from one part of the stratosphere to another,
and thus we integrate the instantaneous phdtochemical rates over

the global stfatosphere. Recently there have been significant
improvements in the laboratory determinations of k2 and k3 and
redeterminations of splar intensities and ultraviolet absorption
cross sections. The actual ozone distributions

and the parameters ofbthe four Chapman'reactidns are now so well
known that a sharp test of the global suff1c1ency of the Chapman

model should - be p0551ble.
Computational Method

The computational method is similar to that of Brewer and
Wilson (1968). We start with the measured, average distribution ~

of ozone (Dﬁtsch, 1969), between 75°N and 75°S and from 0 to 40 km;
Dutsch's values of ozone were extrapolated to the pdles, and they were )
extended to 50 km from profiles obtained in rocket flights by

Johnson, Purcell, and Tousey (1954). The global ozone distributions

for March 22 and January 15 are given as Figures 1 and 2. A standard
temperature distribution for March 22 (Crutcher, 1969; Handbook of
Geophysics, 1960) is given by Figure 3, and a temperature distribution

for January 15 was obtained from Standard Supplemental Atmospheric



Data (Sissenwine, 1969). The distribution of .
~ oxygen andvtotal gas was obtained from Sissenewine (1969). We

seﬁ up an extensive grid over the globe (every 5° latitude,

eVe;y 15° longitude, and every kilometer from 0 to 50), and we
assume uniform compOsition,-temperaturé, and bﬁotochemical rate
cénstants inside each of the 43000 voiumé_elemeﬁts. We let a
vplanar wave'of sunlight (Ackerman, 1971) impinge on the spherical
earth. We calculate the radiation dehsify for each nanometer

of solar.radiation above 190 nm in each volume element, taking
accbuht of all overhead absorbing speciés. We calculate the
steady-state oxygen-atom concentration,'Figure 4, according to
Equation (6). When the oxides 6f nitrogen, NO and N02, are assumed

to be present, their dominant reactions are:

NO, + hv fl'No + 0 | (9)
_ . , .
NO + 0, — NO, + O,
k5
NO, + O — NO + O,

and these reactions rapidly (restoration half time is a few

- minutes) determine the steady-state ratio of NO and of N02‘to the

total NO
. ' X
[NOJ ) £, + kS[O] _ (10)
[NOX] £,4 k4[03]‘+ kstol
[NOZ]S ) k4[03] - - .
[NOX] f4 + k4[03] + k5[0] _ , 7

Atmospheric input data are the observed distribution of T, [02],

M}, [03]} and sunlight above the atmosphere}.and.also input data



may be an assumed concentration of NOX. Laboratory input data

are: (1) 1light absorption cross sections and quantum Yields v
3 Graham, 1972)
X O3 (Ackerman, 1971), and NOZ‘(Leighpon, 1961;Aand (2) rate '?

constants for rcactions 2, 3, 4, and 5 listed above and for the

for O

further, minor reactions L | €

' kG . .

NO, + 0, — NO, + O, (12)

- fs

NO3 + hv — NO + O2 (day) :
. k7 N
2NO + 02""""+ 2N02

. K g

NO +,O + M — NO2 + M

The rate constants for the chemical reactions with references

are given in Table 1.
In each volume element of the atmospheré; we calculate the

. ' (Equation 6),
concentration of oxygen atoms ,the ratio of NO to

A

NO2, and the photon flux. The photon flux ié that appropriate
for the giVenbelevation and longitude (local hour of day). The
ozbne and oxygen concentrations are the obséfved, average values.
Then we calculate a world-wide, instantaneoﬁs.(one second) rate

elementary ' .
for each of the 12Areactions listed as Equations (1), (9) and (12).
(Also, we have calculated rates of singlet oxygen atoms, hydroxyl
;adicals, nitric acid reactions, etc, but these reactions do not
affect the present argument.) These instantaneous rates are
independent, uncoupled, and relatively unaffected by atmospheric

motions. We carry out a zonal average of these rates, integrating

over longitude for fixed latitude and elevation. These results
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afq presented as contour lines on maps of iatitﬁde‘versus
elevation.: This procedure was carried out fortthe entire globé
for the average conditions on January 15 (winter-summer) ‘and
MarchA22'(spring—fall). Note specifically that we did not
determine the average light intensity and then fihd the zonal
average .rate; rather, we calculated thé‘light fiux and reaction
rates in each Volume element corresponding to each of the local
24 hours and then carried out thevappropriate summations. Also
.hbfe_spe¢ifically that ‘these are not "equilibrium" photochemical
calculations for ozone.

Furtherbintegration over elevation from the tropopause to

the stratopause gave vertical column rates, and integration over

latitude gave hemispherical or global stratospheric rates.

Chapman Reactions Alone

The instantaneous rate of global photolysis of oxygen is
given as Figure 5. This reaction is rapidly and quantitatively

followed by the formation of ozone

_02v+ hv — O + O

(O+ 0, + M—— 0, + M) twice

Result: 30, + hv > 20,

_At'all locations in the stratosphere the sccond reaction is much
faster than the first. The net effect of the photolysis of oxygen

is the formation of two molecules of ozone. ' The gross instantaneous

rate of formation of ozone 1is twice the rate of the elementary

reaction given by Figure 5:
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fz 02 .
hv + 02-———+ 20 —— 203 : (13)
slow fast ' .

The rate of photolysis of ozone

f3

O3 + hv— O2 + O

which is essentially equal to the rate of its reformation

k2 _
o+0, +M— O, + M

2 3

is given by Figure 6. A comparison of”Figure 6 with Figure 5
shows that throughout the stratosphere; ozone is photolyzed very
much faster than oxygen is photolyzed.x'

. The rate of ozone destruction according to the Chapmen
reactions is k [O][O ], and thlS rate can be found by multlplylng
k3 times [O] times [O ] in each volumc elcmcnt The more
interesting quantity, however, is the net‘rate of production .
of odd oxygen, which is the net rate of'pfoduction of ozone
in the sffatosphere -

a([0,]1 + [0])
dt

= 2£,[0,] - 2k3[o][03]- (14)

The difference given by Equation (14) is referred to as the net
rate of ozone production, whereas the term 2f [O ] alone is the
gross rate of ozone productlon. The net rate of ozone productlon.'
for sprihg—fall conditions is given_by Figure 7. Where this
quantity is positive, ozone is produced photochemically faster
than it is being destroyed by the Chapman reaction; a positive

net rate is often referred to as 1nd1cat1ng a'"source region"

for ozone with respect to transport to other locations. A negative
sign in Figure 7 indicates a region where‘oione is destroyed by

the reaction 0O + O3 faster than it is being formed photochemically.
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A striking feature of Figure 7 is that it is positive over
almost all of the stratosphere. At each volume element the

balance of rates may be expressed as

d([05]+[0])
at

_ chemical _ transport | (15)

= 2f2[02] loss loss

To analyze the vertical and horizontal transport of ozone for each
voluﬁe element is an exceedingly difficult job. However, transport
out of one volume element contributes transport into neighboring
voluhe elements, and for some considefations the integral of
Equation (15) over the entire stratosphere is simpler than the
individual terms. The integral over all of the stratosphere may

be interpreted as .

Global rate of _ [ gross rate _:/}memical _ [ transport to
ozone change of O3 formation loss troposphere
(16)

'Each.term in Equation (16) can be evaluated, except forpthe ihtegral
of chemical destructidn, which can then be.inferred by difference.

The "integrated gross rate of O3lformetidn"; in Equation (16)
is the integral of 2f2[02] over longitude, latitude, and elevation.
This integral was. evaluated for each hemisphere, for the globe,las
of January 15, and as of March 22. These data are given as the
first line in Table 2. These gross rates of;fqrmation are about
500><10.29 molecules sec-l for the world. |

The "global rate of ozonelehange" in Equation (16) can be
evaluated as‘the slope of a plot of total observearozone_against

the months of the year, or the hemispherical rate of ozone change
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can be found as the slope of a similar plot for each hemisphere.
Brewer and Wilson (1968) evaluated just the desirea terms for
the northern end southern winter hemispheres from'tﬁe data for
1966, and their values are entered for January 15 in Table 2. :é
The total ozone in the northern hemisphere——defiﬁed from Dobson
(l968)——wasbplotted as a function of the month of the year,

Figufe 8. The slope of the function at March 22 -in Figure 8 is

entered in.Table 2 as the "global rate of ozone change" for the
northern hemisphere on March 22, and the slope of the function on
September 22 is entered in Table 2 as an approkimation to the

southern hemisphere for March 22. The rate of.chenge of the global
ozone inventory is the order of magnitude of £4*1629 mo lecules sec —,
which is less than one percent of the gross rate ef ozone formation

(The net rate of ozone formation according to the Chapman model

is indicated by.the slope of the arrows in Figure 8; the unbalanced
ozone formation rate is far faster, steeper slope, than the

seasonal rates of change).

The volume integral of ozone transport overethe entire stratosphere

is simply the surface integral of the flux across the boundaries.

It is assumed that the flux of ozone across the stratopause is
negligible in that region of fast photochemical reactions and
‘presumably a photochemical steady state. . Thue the last term

in Equation (16) is the total tfansport of ozone across the
trepopause,into the troposphere. This quantity has been estimated L
several times in the meteorological literature,v For example,
Paetzold (1959) estimated the average flux of ozene across the

11 -1

tropopause to be between (0.1 and 1) x10 molecules cm_3 sec 7,

29

or (0.5 to 5)x1022 molecules sec © for the globe. Brewer and
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Wilson.(l968) estimate about 6><1029 molecules sec—l as the mean

destruction rate over the year for the entire troposphere. We
adopt Brewer and Wilson's value of 6#1029 molecules sec-l. This
rate is slightly larger than one percent of the gross fate of
ozone formation.

Brewer and Wilson (1968) also eétimated the flux of ozone
between the northern and southern hemisphefe, and these quantities

are also given in Table 2. They vary between (-4 to 4)><1029

molecules sec—l.

'Thel"éctual rate of chemical loss"of stratqspheric ozone 1is
calculated in Table 2 as the difference between the gross rate
of formation, the ioss to tbe troposphere4by air motions, and.thé
seasonal change. The rate of chemical losé of ozone according to
the Chapman mechaﬁism is the integral of twice the rate of the
reaction O + O3 -> O2 + 02, and the integrals.qf these instantaneous

‘rates are also given in Table 2. For the entire globe, these

? molecules sec—l, which is very'

iﬁtegrated rates are about 9OX102
much less than the inferred "actual rate of chemical loss" of

6zone. The ratio of the total instantaneous chemical loss of ozone
to the loss.according to the Chapmén mechanism is about 5 for each

- hemisphere. The chemical destruction of ozone by chemical processes

29 molecules sec —,

other than ﬁhe Chapman réactions are about.4OOXl0

éver 80% of the total chemical destruction rate.
The discrepancy between the total chemical destruction of

. ozone and.that brought about by the Chapman reactions is a major

effect. "Something else"--besides pure air--destroys ozone 5 times

faster than ozone is destroyed by pure air speciés; "Something else"
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destroyes ozone over 50 times faster than transport to the
troposphere and the seasonal variation rate. - -
This problem has been encountered many times in the past. When

the pfoblem first appeared about 15 years ago, the laboratory chemical
results were uncertain and represented long temperature extra-

polation; Ditsch (1961). By the mid.1960's the laboratory results
had enough force to call for a careful scrutiny of the probiem. ;
The "water reactions" were considered by-several_investigators, 5
for example, Hunt (1965, 1966). Recent laboratory work by Langley |
and McGrath (1571) shows that the water reactions are insufficient
(by a large maréin) to explain the discrepancy.

Brewer aﬁd Wilson (1968) were able t6 explain the integrated
global discrepancy by simultaneously incluaing the water réactions,
reducing the solar flux to the lowest probable value, and assuming
values for the rate constant ratio k3/k2 that waé five times
1arger than current laboratory values. 'However, Brewer and Wilson
were dissatisfied with the resultant distribﬁtion of ozone sources and
sinks in the stratosphere. In view of recent redeterminations of
the rate constant, k2 and k3, Brewer and Wilson's rate constants
are no longer acceptable, and thus their globél balance would be
unsatisfactory, as well as the local distribution.

Crutzen (1970, 1971) and Johnston (1971) proposed that the
discrepancy could be explained by theloxides of nitrogen. In the next
section, we ask how much oxides of nitrogen are requiréd to remove
the discrepancy between global, instantaneous-ozone pfoduction and

destruction.
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Oxides of Nitiogen
When oxides of nitrogen are considered in addition to the
Chapman reactions, the rate equation for odd OXygen is

(1051 + [0])
. dt

= 2f,[0,] + £,INO,} (17)
= (2k5[01[04] + k,[NO]J[03] + kg[0][NO,))

Since [0] << [03] everywhere in the stratosphere, the rate of
production of odd oxygen is essentially equal to the rate of

production of ozone. The "odd oxygen ratio", ', as defined as

rate of production of odd oxygen (18)

r= rate of destruction of odd oxygen

_ 2£,[0,] + £, [NO,]
2k310-] [03] + k4[NOY] [03] + ks[ol [NOZ]

gross rate of ozone production -
gross rate of ozone destruction

1

When Equation (17) is positive oxr EquationAk18) is greater than
one, | locally more ozone;;roduced than destroyed.
Conversely, a negative value to Equation (17) or a value less
than one for Equation (18) indicates a regioh where ozone is
being destroyed chemically faster than it is béing created
photochemically.

The addition of oxides of nitrogen to the stratosphere increases

the rate of chemical destruction of ozone by the catalytic cyclé
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NO + O3 -+ NO2 + O2 ' (19)

NO2 + O » NO + O2

net: 0 + O3 > O2 + O2

S

We wanted a simple one-dimensional variation function for the
amount of NOX (NO and NO,) to be assumed. We used two such
functions: (a) We assume that the stratosphere from tropopause

to stratopause and from pole to pole has the same uniform mole

fraction cof NO
X
a =.[NOX]/[M] : : (20)

and we assume a wide range of values of . (S). As a second series

of calculétions, we assume that the entire étratosphere has a

unifofm concentration of NOX, and we assume.éAwide range of

values of [NOx]. For each aésumed o or [NOX], we made the complete

set of calculations carried out with the Chapman reactions alone,
including the integrated, world-wide, -net rate of ozone formation.

Figure 9 gives the variation of global ozone rate with added mole , ;
fraction of NOX. It turns out that the glbbal net ozone rate

decreases linearly with Noxﬂ The global production fate is reduced

29

to the rate of transport to the troposphere (6x10 molecules sec-l)

by 28X159 mole fraction of NOX uni formly distributed. For linear
variation of the concentration of the oxides of nitrogen, the
global production rate is reduced to the transport rate by

4.2x10° molecules NO cm 3. This uniform concentration corresponds ?

x(15 to 45 km) -9
to a column-averaggApole fraction of 6.6x10 . Thus it requires

only one-fourth as much NOX to reduce the ozone discrepancy to
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zero if it is distributed with a uniform concentration than if

it is distributed with a uniform mole fraétion. This calculation

shows again (compare Johnston 197la, Figure 2) that the distribution
of'NOX'ih\the stratoéphere is almost as important a variable as

the magnitude of NOX.' For a uniform concentration of NO_ of

4,4XI09 mdlecules bm-3, which is sufficient to produce a global
balance of ozone under conditions of January 15, the rates of the
elementary reactions of the oxides of nitrogen are presented
graphicallyr NO + 03, Figure 10; NO2 + hv;vFigure 11; and

NO., + O, Figure 12.

2
_ The odd~oxygen'ratio, Equation (18), is a sensitive indication
'of-locai source and sink regions. The ratio of ozone formation
to ozoné destruction is given by Figure 13; for the Chapman .
‘réactiéns; In the lower tropical stratosphere there is a la;ge
"fegion where the Chapman reactions indicate that ozone is produced
one hundred times faster than it is destroYed, with a maximum
:value abové 1000. A very large part of the stratosphere indicates 
'a formation rate of ozone 10 times as great as the destruction
fate, accbfding to.the Chapman meqhanism.

The addition of a uniform 28x10™°

mole.fraction of NOx reduces.
the global ozone discrépancy to zerxro (Figure'9), and it gives local-
fOrmation/déétruétion-ratios as shown in Figure 14. The great
anémaly of Fiéure-l3 in the lOWér tropiqal stfatosphere is removed,
and most of the stratosphere is within 50 pef cent of photochemical
equilibriuﬁ (I' between 0.67 and 1.5). There are strong source
regions high above the two poles, and.these source regions appear

to be unrealistic. - However, these regions are entireiy within

the range of the extrapolated data; and they dccupy (by virtue

o
|
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of cosine factors) only a very small volume of the stratosphere.
This model indicafes.a sink region for ozone between 20 and 35
km, whereas the region 25 to 35 km is almostﬂge;taihly a source
region. |

The addition of a uniform concentration of NOX, 4.ZXl09
molecules cm_3; also reduces the global discrepaﬁcy to zero
(Figure 9), but it sets up a rather different’detailed distribution
of.points of.balance and unbalance, Figure 15. 1In this case the

entire stratosphere is within 50 per cent of photochemical

equilibrium. A small amount of NOx removed the'discrepancy factor

of 1000 given by the Chapman model for the lower tropical stratosphere.

A relatively small amount of NOy is capable‘of répidly setting up
a situation very close to photochemical equilibrium in the lower
stratosphere. The uniform concentration of NOX,.howevér, over;
shoéts photochemical equilibrium in the uppefmost stratosphere.
Figure 15 (correctly) indicates an ozone source‘region bétween 25
and 35 km, but it incorrectly indicates a sink region above 40 km.
A comparison of_Figure 14 and 15 show that neither is entirely
satisfactory, although either one is a great improvement over the
Chapman model.v The model of uniform-NOx.concentration,»Figure 15,
hés too muéh NO_ above 40 km between 70°N and570°s. The model of
gniform mole fraction, Figure 14, has too much NOx between 20 and
35 km and it does not have enough NOx (or other mode of chemical
ozone destruction) above 40 km. Some distribution intermediate
between these two simplified models would very nearly'give a
balance of ozone throughout the stratosphere. The purpose of this

paper is not to try to deduce the real, world-wide distribution
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of NOx in the stratosphere; rather the purpose is broadly to test
for the sufficiency of the Chapman reactions and of oxides of
nitrogen in explaining the global ozone balance when the effect

of atmospheric motions is included.

Tt should be emphasized that the qﬁantities of NOX referred
to here apply to the species NO and NOZ’ These calculations
refer to NO and NO,, as such. To the extentvtﬁat odd nitrogen
is tied up as nitric acid, HNO3, or other forms, the total odd
nitrogen would be greater than NOX, as the term is used here.
In'particular, nitric acid is both formed and destroyed by
hydroxyl radicals (Johnston et al, 1953)

M

HO + N02 > HNO3

HO + HNO, > H,0 + NO4

Under conditions of the lower stratosphere, these two reactions

alone indicate that NO2 is about 10 percent of HNO3, and photolysis

of nitric acid

HNO. + hv (below 325 nm) —» HO + NO2

3

would increase the fraction of NO,, especially. at higher elevations.
We expect HNO3 to be about equal to NOX (NO and N02) where we sum‘

" from 15 to 50 kiiometers.
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Natural and Artificial Sources of Stratospheric Oxides of Nitrogen

Figuré 9 indicates that an increase of the concentration
of the oxides of nitrogen beyond 4.2><109 would result in a global
decrease of ozone. |

These calculations of global instantaneous_rates in the
stratospheré are part of a large gffort (Climatic Impact Assessment
Program) to understand the probable effect of supersonic transpofts
(SST) on the ozone of the world. The present iﬁventory of NOx in
the stratbsphere is a balance between all the.photochemical and
transport processes that constitute the natural sources and sinks
of stratospherié NOX._ The principal source Qf natural NOx in the
stratosphere is now believed to be the reaction of nitrous oxide
with singlet okygen atoms. Nitrous oxide, NZO’ is produced-in small
amounts from soil bacteria under anaerobic conditions. Although inert
in the troposphere, nitrous oxide is destroyed both photochemically

- and chemically in the stratosphere (Bates and Hayes, 1967)

O, + hv (below 310 nm) > O, + o(lp)

O(lb) deactivated in many ways

1 :
o(™D) + N20 - N2 + O2

-+ NO + NO
This source of natural stratospheric NOX has been evaluated by
Crutzen (1971), by Nicolet and Vergison (1971), and by McElroy
and McConnell (1971). Their results are given in Table 3.
A simple statement of the currently expected role of -

artificial NOx from supersonic transports is indicated by the
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following propositibns: (1A) Nitrogen oxides in the global
'stratosphere‘are naturally produced in quantities about
: 26 -1 (Table 3). .
(1.7 to 7.7) %10 molecules sec © A (2A) These natural oxides

‘of nitrogen in the stratosphere are subjected to complicated

patterns_of air motions, chemistry, and photochemistry. (3A)
These natural oxides of nitrogen destroy ozone 4 or 5 times

, ' o (Table 2). . = .
faster than all other factors put togethegA (1B) Artificial
~oxides of nitrogen from full scale operation of fleets of SST
are‘expected.to constitute global stratospheric sources of NOx

of about 2.4x102® molecules sec”™ (Concorde) to 7.5x102% molecules

sec—l (proposed American SST), about the same as the naturé%afggugi'
(2B) These artificial oxides of nitrogen in the stratosphere

will be subjected to complicated patterns of air motions, chemistry,
and photocheﬁistry; (2C) These artificial Okides of n;trogen’shouid
be expécted to have the séme effect on‘stratospheric ozone as the

natural oxides of nitrogen, until and unless positive knowledge

to the contrary is developed;

Summary

‘Considerations of instantanepus’photochemicél rates show
that the Chapman model predicts a continuous, worldwide production .
of ozone five times faster than its destruction, and it indicateé
a large local region where the formation rate is more than 1000
times the destruction rate. At present, laboratory rate constanté

are well enough known that it is regarded as improbable that the
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world-wide factor of 5 (much less the local factor of 1000)
discrepancy can be ascribed to erroneous rate constants. The
net production rate inferred from the Chapmanimodel is about
50 times greater than the rate of transfer of'ozpne'to the

troposphere as estimated by Brewer>and Wilson (1968). These .

considerations'provide strong evidence fhat something else besides
neutral oxygen species is very active in deStrbying étratospheric
ozone. It is shown that a world-wide uniformrconceﬁtratioﬁ of
4.2><109 moléculeé of NOx per cm3 is sufficieﬁt to balance the
global discrepancy. This study gives additional evidence that
~the oxides of nitrogen are important subétanées in the natural !
ozone balance of the stratosphere. It is again pointed out that |
the current estimates of the natufal source Strength of NOX in
the stratosphere are about the same as currént estimates of the

artificial flux of NO_ from full scale operation of supersonic

transports.
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Table 1. Rate Constants for Chemical Reactions
Rate constant k(T) ; Units Reference
- -34 .
k2 - 1.10x10 exp (502/T) a Davis (1972)
. ‘ Johnston (1968)
4 1.33x10 lexp (-2100/T) b Kaufman (1972)
' : Johnston (1968)
-12 _ g Johnston and
k4 | 1.33x%x10 exp(~-1250/T) b Crosby (1954)
. o -12 , .
k5 : 9.2x10 b Davis (1972)
- : Baulch et al (1970)
kg 9.8x10 Y2exp (-3500/T) b Johnston and
: : Yost (1949)
k. 3.33x20 >exp (527/T) a  Baulch et al (1970)
kg . 2.9x10 exp(940/T)  a Baulch et al (1970)
6 -2 -1
a. cm  molecule. sec .

b. ,cm3 moleculeb—l sec .
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Table 2. Evaluation of Individual Terms in Equation 16, Global
Instantaneous Rates of Change of Ozone (Rates in Units

of 1022 molecules sec™ 1)

Januarxy 15 1 March 22
North South )., .| North South o,
Hemi. Heml. Hemi. Hemi.

.Intégrated
gross rate of O, formation| 168 332 500 | 242 244 486

Global rate of O, change 5 -2 3 3 -2 1

3

Transport to troposphere,

average , 3 3 6: 13 3 6
North to South transport -4 +4 0 0 0 0
Actual rate of chemical 164 327 491 236 243 479

loss (by difference)

Rate of chemical loss . ’
from Chapman mechanism 30 56 86 | 48 41 89
(twice rate 3) '

Ratio of actual chemical
loss to chemical loss by 5.5 5.8 5.7 '} 4.9 5.9 5.4

the Chapman model

Rate of chemical loss of-

ozone from chemical
processes other than the .134 261 405 188 202 , 390

Chapman reactions




gk [ o 4 Pt DR e
A A AL R VAR

29
Table 3. Comparison of Natural and Artificial Sources of
Nitric Oxide in the Stratosphere. Global,
: 26 1

Instantaneous Rates in Units of 10 Molecules Sec

TCalculated natural flux . Reference
1.5 to 7.5 Crutzen (1971)
2.5 to 12.5 Nicolet and Vergison (1971)
1.2 to 3.3 McElroy and McConnell (1971)

1.7 to 7.7 : average

Estimated artificial flux

Concorde (1985)
2.4 | Austr. Acad. Sci. (1972)

American SST " Johnston (1971)
7.5
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Titles to Figures

Global observed ozone mole fraCti&n éxpressed as zonal
average (parts per million). |

Average conéentration of ozone in molécules cm-3.
5(E11) means 5x101T,
Average_teméerature with approximate'height of tropopause
indicated by dashed line. |

Steady state concentration of oxygen-atoms; O(3P), as
calculated by Equation 6, March 22.

The rate of photolysis of oxygen, Equation 2. This
figure may be interpreted as ohe-half the gross rate

of formation of ozone, Equation 13, March 22.

The rate of photoleis of ozone, Equation 4.

The net rate of production of ozone on the basis of
the Chapman model, Equation 14, March 22.

Total ozone in the northern hemisphere as a function

6f time of yeaf. The slope of_thQYQectoré represent the
ihstantanteous rate of hemispheriéal'ozone prodﬁdtion
(Figﬁre 7) according to the Chapman model.

Instantaneous, global, rate of onné_production as a
function of various amounts‘and two different distfibutions
of_the oxides of nitrogen (NOx = NO + Noz)ﬁ a. Various
uniform mole fractions of NO_ between 1 and 60>V<10_'9
distributed throughout the stratosphere; b. Various

uniform concentrations of Nox, expressed in units of

average mole fraction (the column"éf NOx divided by
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Figure 10.
Figure 1l.
Figure 12.

Figure 13.

Figure ‘14.

Eigure 15.

31

column of M from 15 to 45 kilometers). The transport

balance refers to Brewer and Wilson's estimate of the

average rate of transport of ozone from the stratosphere

29

to the troposphere (6x10 molecules.sec_l). The axis

with zero NO corresponds to the Chapman model.

Rate of the elementary reactlon, NO .+ O3 > NO2 + 02,

(No_] = 4.4x10° molecule cm >, January 15.

Rate of the primary photochemicalvreaction, NQ2 +

~hv » NO + O. Same conditions as Figure 10.

" Rate of the elementary reaction, NO2 + O *‘NO + 02.

Same conditions as Figure 10.

The ratio of the rate of photochemical production of
ozone to its rate of photochemicalvdestruction aocording
to the Chapman model, the "odd oxygen ratio", Equation
18;: Net ozone photochemical productlon is given by |
numbers greater than one; net destruction by numbers
less than one, March 22. |

The ratio of ozone production rate_to deStruction rate
for the uniform mole fraction of Nox, | 28x10-9, that-
gives a global ozone balance (Figure:9).
Theprafiovof.ozone production rate to destruction
rete for the uniform concentratioﬁ of NOX, 4.ZXI09

molecules cm_3, that gives a globalfozone balance

(Figure 9).
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LEGAL NOTICE

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