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Supersonic Aircraft and the'Ozone'Layer

- - : Harold S. Johnston

-

‘ Department of Chemistry
. . University of California and . -
Inorganic Materials Research Division
Lawrence Berkeley Laboratory
Berkeley, California 94720

Abstract » - \

"Model caléulations including atmospheric motiéns and the-
photochemistry'of oxygen, water, and nitrogenvoxidés indicate that 500
supersonic trénsports would reduce the strétosphefic ozone shiela
between 3 and 30 percent. Stratospheric ozone has been observed to
change with solar-cyéle modulated cosmic ra?s, presumably by §irtue of
the nitric oxide produced. The ozone data oﬁ 1960-70 are consistent
with a small decrease and then inc;ease;of ozone‘aSSOCiated with nitric
oxide from nuclearébomb tests. These ohserved changes of ozone with

nitric oxide indicate a greater sensitivity of stratospheric ozone to

nitric oxide than is given by most model calculations.
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The atmosphere is discussed in terms of.e sefies of shells. The
lowest is called the "troposphere"; in it we live, have our weather,
~and fly subsonic aircraft. The stratosphere is[neXt, it is a very
stable beﬂy of'air, ana it iS'the'region where supersonic aircraft fly.
Above theﬂstratoséhere are the "mesesphere", "ionosbhere“, and the
uppermost atmosphere that tapers off into interpianetary space. The
stratosphefe is defined primarily in terﬁs of iteetemperature structure.
The most.important feature ofvthe_stratosphere,:so'far as life on earth.
1is cencerned, is its bend'of ozone, which is our dﬁly‘effective filter
against ultravielet radiation from 300 to 250 nm. The distribution of
ozone 1in thebnatural stratosphere is determined by photochemistry and
by air motions. The general features of the nafurel stratosphere are
feviewed here, followed by‘consideratiens of how'large fleets of

commercial supersonic transports (SST) might perturb the stratosphere.

eTemperature

. At any instance,'the'temperature of the etmosphere varies with
latitude} longitUde, and elevation. ‘It is different over contineﬁts
~and oceans; and it depends on the.location and phase of storms. 1In
spite of this gfeat complexity, it is possibleeto define a "standard
atmospheref, based on average temperatures.v The temperature is averaged
all around the world at one latitude ("zonal average") and it is
averaged over a humber of years. 1In this wey the temperature of the
glqbe can be represented by a two dimensional contour map. The
standard temperature for January 15 is presehted as Figﬁre i. The
abscissa represents latitﬁde from the north poleiﬁo the south pole (a

distance of 20000 kilometers); and the ordinate represents altitude on
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a greatly expanded scale from 0 to 50 kilometers. The left:half of the
figure is the Northern Hemisphere,_énd the right‘half ié theVSoutherﬁ
Hemisphere. The region from 70°N to 90°N is in the:pélar night, ahd_
low temperatufes extend to great heights. The loweét temperature is
above the equitorial region at an elevation of about 17 kilometers.
Thé dashed line répreéents the "tropopause", the separation between thé
troposphere and stratosphere. The temperatufe decreéses from the
surface of the earth to_the tropopaﬁse and increaseé'above the'
tropopause. An incréaSé of temperature with altitude is called a "tem-
perature inversion”, and it cohfers great stability to air égainst
vertical mixing;-
Ozone

"Total ozone has been meééured from éroﬁnd baéed‘statiéns since
1925‘at Arosa,:SWitzefland, since 1925 (with several gaps in the data)
a£ Okford,‘England, and since 1936 at Tromso, Norwayl Méasurements
wéré made at almost 40 stations spaced over the globe during the Inter-
national Geophysical Year, 1957-58.. The data were so interesting that
an extensive network of permanent stations was set up numbefing about

40 in 1960 and over 100 in 1970.‘ The data have been publishedbregularly

as Ozone Data for the Wbrld2 since 1960. At a number of these grqund—
based stations, measurements of the approximate_vertical distribution
of ozone have been made by fhg "umkehr" method. Vertical profiles
have been.obtained by rockets3. In recent years, orbiting satellites
have made détailed measurements of total ozone and its vertical
distribution4. On the basis of iO years (1960-69) of ground based

observation, supplemented by rocket profiles, a zonal-average, standard
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(January 15) distribution of ozone is'presented as Figure 2. The
elevation of maximum ozone is about 25 kilometers in the equatorial
region, about 20 kilometers at 45 degree latitude, and.about 18 kilo-

meters at the poles.

Photochemistry

+ By thé time sunlight reaches the top of the stratosphere, almost
all radiation beiow 190 nm has been absorbed by nitrogen and-oxygeh
molecules. 1In ﬁhe stratosphere molecular oxygeh absorbs radiation below
242 nm to foﬁm oxyéen atoms, Reaction 1 in Tablé_l. Each éf tﬂese

oxygen atoms adds to an oxygen molecule to form'ozbhe, 0 Reaétion 2.

3’
Ozone absorbs suniight over a broad range of wavélengths, Figure 3,
By the time solaf.radiation reaches the top of the troposphere, almost
all rédiétion below 300 nm has been absorbed: 300 to'250'ﬁm by ozone
aloné, 250 to 190 nm by both ozone and oxygen. .When ozone absorbs
visible or uléraviolet radiation, it is broken deh to an oxygen atom
~and én oxygen-molecule, Reaction 3. This reaction does not destroy ozone;
it iS»immediately reformed by Reaétion 2. If there,were'no reactions other
than 1, 2, and 3, eventualiy all oxygen—of the atmosphere would be
converted to ozone. Even in totally pure air, ozone is‘destroyed by
oxygen atoms, Reaction 4. Ozone is removed by transport to the
troposphere and collision with the ground; As Wili‘be shoWn below, ozone
Vis also destroyed'in the stratosphére by other photochemical reactions.
The rate with which ultraViolet-light breaks molecular oxygen
into oxygen atoms;'Reacﬁion 1, can readily be_calculated from the

.observed solar radiation above the atmosphere and the measured optical

.properties of oxygen and of ozone. This rate can be calculated at any
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‘Table 1. Elementary ‘chemical reactions
discussed in this article.
A. Pure—air‘reactions} the Chapman mechanism for stratospheric ozone;
the Ok'family‘

1. 0O, + sunlight » O + O

2
26_ O+0,+M>0;,+M
3. 0, + sunlight » 0, +0
4. 05+ 0 >0, toO,

B. Water reactions; the HOX family (a)

5. HO + O, » HOO + O

370 2
.6.° HOO + O, » HO + O

3 2 70O

: 2

c. odd nitrogeh reactions; the NO_ family (b)

7. NO + O. » NO.. + O

3 2 7 72
8. NO, + 0 » NO + O,
9. NO, + sunlight > NO + O

D. Nitric acid réactions (a, b)
2 3

11. HNO3 + sunlight - HO + NO2

12. HO + HNO

10. HO + NO, ¥ HNO

> H,.O + NO

3 2 3

(a) There are more than a score of other reactions in the'HOx family;
several of the rate constants were observed for the first time

in 1973.

(b) There are more than a score of other reactions in the NO_ family.
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latitude, longitude, and elevatioh. The zonal:AQerage rate of photo-
lysis of oxygen (Reaction 1) for a standard January 15 is given by
Figure 4. From 45°N to the éouth-polg and above 30 kilometers, theré
is a broad band of fast, almost uniform rate_of éxyqen photolysis.

The rate of formation of ozone is twice the'faﬁe of photolysis of
oxygen (Reéctiéhé 1 and 2). If theviocal concentration of ozone
(Fiéure 2) is divided, point by point, by the chél_rate_éf_formation
of ozone, then one has calculated the photochemical “oZéné’repiacement
time". Such ozbhe replacement times were calculated fof;é'standard
January lS,_Figure 5. These photochemical replacement times cover a
very'Qide‘rapge; contoﬁrs are given for periods from one day to 10
years. The ozone féplacemeht times give a measure df instantaneous
rates (compare the use of 4.5 billion year half time to charaCterizé
the_rate ofﬂraai§éctiVe decay‘ofvuraﬁium);' In order to evaluate the
significance‘df”thése wideffanging ozbne-replacement times, one must
compare these periOds with the time‘écale of horizontal and vertical

stratospheric motions.

Motions

Thevdominant éffect of horizontal motions in detérmining the
distribuﬁion of étratospheric ozone is illustrated by'Figure 6, Where
cohtours for the concentration of ozone (Figure 2) are superimposéd on
contours for ozone-replacemeht time (Figure 5). Above the dashed line,
the ozonef;eplacemént:time is 4 months or less; below the heavy solid
line, the ozone-réplacement time is 10 years or mofe. In Figure 6 and

in several subsequent figures, the ozone formation region is regarded
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'

as that where the ozone replacemént time is 4 months or less; and any
ozone in a region where the replacement time is-lO.years or more is
regarded as"being "defached" from its source. Abéﬁt half the global
ozone is outside the formation region. The maximum concentration of
ozone is at thé winter pole, and the concentration,is much less at the
summer pole (6 months léter). These Qbservationé show that air motions
are a major”factor in the natural ozone distribution; East-west winds
circle the globe, often in a few days. Horizontal eddy diffusion
transports ozone'énd other trace gases in a norﬁh—ébuth direction with

a typical time scale of a few months.

The time scale for vertical mixing in the stratosphere and for
net loss from the stratosphere to the troposphere can be estimated from
the history of fadioactive, nuclear-bomb debris in the stratosphere.
The rising, cooling mushroom.cloud following the detonation of large
nuclear bombs (one megéton or more), stabilizes énd flattens out in the
stratosphere. One radioactive by-product is carbén—l4, presumably in
the form of gaseous carbon monoxide or carbon dioxide. Carbon-14 wés
extensiﬁely sam?ied’by high flying aircraft and'by béllbons, and the
results have been recorded in a series of reportss. The total amount
of carbon-14 in»tHe stratosphere between 1955 and 1969 is plotted in
Figure 7. Between 1952 and the end of 1962, thére were four peridds of
testing large nucléar bombs‘in the atmosphere. Th§~duration of these
test periods and the total bomb yields in'megatons (MT) é:e indiéated
on Figure 7. After the conclusion of the‘large-scale tests in

December 1962, the total stratospheric burden of carbon-14 decreased
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. with time. The quantity in thé stratosphere oh_January 1, 1963 was
reduced by dne half in 1.6 years; the quantity on\banuary 1, 1964 was
reduced by one hélf in 2.4 years; the quantity'oh Januar§ 1, 1965 was
reduced by one ﬁaif in 4 years. if one eXamines~théwhistory of carbon-14
in the stratoSphére, the explanation for the_incréasing-half—time with
time is apparent. Immediately after the bomb'tests;‘the radioactive
debris was spreéd bétween’l0'to 22 kilometers in’the polar stratosphefe
and from 15 fo 25'kilometers in the tropical stratosphere. The carbon-14
low in the stratbéphére (arouhd lS,kilometers} came out much faster
than that_soméwﬁét higher (20 kilometers). Within 2 years a
substantial amount' of carbon-14 had spread up to élmbst‘30 kilometers.
The shoft half iiVes (1.6 to 2.4 years) apply to the carbon-14 at
relétively lowveiévations (15 to 20 km), and the ioﬁger,half lives
(4 years) apply to the carbon-14 above 20 kilometers.

'The carbon-14 data indicate very slow vertical mixing and long
(1.6 to 4 yeérs) half-residence times of gases- in the stratoSphefe. On
the basis of these data, one conservatively assigns 2 years as the half-
residence time of SST exhaust gases that are deposited at 20 kilometers.
SST exhaust gases deposited between 17 and 19 kilometers . (a typical
~cruise pattern for the Concorde) have a somewhat shorter half-residence

time, perhaps about 1.5 years.

Global ozone balance6

With theyactual, staﬁdafd distfibution of temperature (Figure 1)
and ozone (Figure 2), one can calculate the distribution of solar
radiation thfoughout the global atmosphefe( and fhué one can evaluate

the local rate of elementary chemical and photochemiCal.reaétions.
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With the atmosphere of the world as it was prepared by photochemistry
and by air motions, one can ask and answer sevéral«important_questions
in a relatively straight forward way. The rates'pér seconds can be

evaluated throﬁghout the atmosphere, and these instantaneous local

rates can be. integrated to examine balances or imbalances for the ' =

global stratosphére. The effect of air motioné iﬁSide’the stratosphere
cancel out in such a calculation. The integral of the transport of
ozone 6ver the volume of the'stratosphere is“simply_the'fluk.of 6zbne
across the boundaries of thé stratosphere,}and thésé fluxes have been
determined experimentallylb. |

With this method of evaluating instgntaneous“rates, the balance
sheet between ozone-formationland ozone destructibn by "pure air
reactions", by "water reactions", and by transport.to the troposphere
is given in Tabléi2. According to this analysié;_ozone is produced

9 molecules per second faster than it is béing destroyed. At

352x10°
this rate the global inventory of ozone would double in less than twd
weeks. Clearly_there is "something else" besides pure air and water
involved in the natural ozone balance. |
The oxides éf nitrogen are rapidly interconverted from one form
to another; thevimportant species are nitric oxide (NO), nitrogen
dioxide (NOZ)' ana hitric acid (HNOB)' Ozone coﬁyérts nitric oxide to “
nitrogen dioxide. Hydroxyl radicals (HO) convert nitrogen dioxide to
nitric acid. ‘Ultraviolet radiation reversés both of these proéesses.
Although the ratios vary with elevation, theée three forms of NOX occur

roughly in the proportions one to two to three when summed over the

entire stratosphere.



-17-

Table 2. Global ozbne balance sheet for>instantaﬁe0us formation

and destruction of ozone for standard January 15.

@ Reaction

Ozone formation

Réte in unit§4of 102% molecules sec™t

= (reactions 1 and 2) +500
Ozone transport to o
troposphere -6

OX reactions -
(reaction 4) . -86

HOx reactions
(reactions 5, 6, and others) -56
Unbalanced ozone production - 352
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‘It has been proposed that the primary agents in the natufal ozone
balance are the oxides of nitrogen (Reactions 7, 8, and 9 in Table 1
and approximately 20 other reactions not listed the_re).7’8 The

catalytic cycles involved in these reactions will be discussed in some

detail. There are two competing cycles, one destroys ozone

NO, catalytic cycle

(7) NOY+ O3 - NO2 + O2
(8) NO2 + O ~» NO,+ O2
net: O, + O > 0, + O

3 2 2
and one is neutral with respect to ozone

3 > NO2 + O2

(9) No, + sunlight - NO + O

(2) o+ 0

(7) NO + O

5 + M > O3 + M

net: no reaction

The N02 cycle is a prime example of homogeneous, gas-phase catélysis:
nitric oxide is.consumed in the first step and reformed in. the second;
ozone is destroyed in the cycle but the oxides of_nitrogen are not
destroyed. The second, “do nothing" cycle competes with the catalytic

cycle, and the relative rate of destruction of ozone by NOx and by

the pure air mechanism (Reaction 4) is

-catalytic rate - k7k8 [NO] : ‘(I)
rate of reaction 4 = k,j4 (I + kgl[01/3 )

This ratio of rates depends only on the temperature and the concentrations

of nitric oxide [NO] and of oxygen atoms [0]. At 220°K (compare Figure 1)
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this ratio of rates is plotted in Figure 8.

In the:probiem of uﬁbalanced.ozone,productier, the pure air reactions
destroy 17 percent of the ozone-formed and 70 percent is unacceunted for,
even after considering the water reactions; TolaccOunt_forvthe natural
ozone balance,‘we need some agents that destroy'QZOne about four.times
faster than oxygen atoms destroy ozone. From Figure 8 it can be seen
that’4x168_moleeules of NO per cubic centimeterideetroyiozong about 4
‘times_faster than the.0¥ reactions destroy ozone;t Thus if nitric oXide,
gg!gggh, averages about 4xlO8 molecules cm-3, thenvthe dkides Qf
nitrogen'are sufficient to account for the natural ozone balance.

A recent measurement9 of nitric oxide ae a;function of eievation.
is given by Figure 9. The observed values vary frdm 2xlO8 at 16.5 km, te

8 8 at the highest obsérved elevation of

8x10% at 28 to 32 km, and 5x10
37.5 km. A comparison of Figures 8 and 9vshows that this observed nitric
oxide distribution is sufficient to give-a global ozene balance. It is
sufficieht'tO-destroy about 70 percent of the ozone that ie’formed - per
eecond, any'seceﬁd of the year.. More measurements of NO_ in the
stretosphere are ﬁeeded to see if this observed prqfile of nitric oxide
is typical or hot,
Perturbed stratosphere ,
| The natural stratosphere is estimated to have about (3il.5)x1034
molecules of NO_ (NO + N02 + HNO;). Assuming a 1.5 year half-residence
time for exhaust‘gases_from the Concorde (16 to 19 kilometer fligﬁt
~level), one estimates 500 Concordes to increase'the amount of NOX in
the stratosphere by l;2xl034 molecules. Assuming-a 2 year‘helf-residence
time for exhaust gases from theIBoeing SST (20 to 21 kilometer flight

level) and recognizing that it burns about 3 times as much fuel per hour
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as the Concorde, one estimates 500 Boeing SST to increase the amount
of NOx in the stratosphére by 4.5x1034.: Thus 500 SST of either type
promise more or less to double thé natural quantity of NOX in the

stratosphere. The effect of this perturbation on the ozone shield is

the subject of a series of model calculations.

Model calculations

The‘results of model calculations from.seven different inVeStigators
are sﬁmmarizea in Table 3. The table is giQen in tefms of‘élevation'of
SST flight, average NOX emission ;a#e in units of 108 molecules per
square centimeter pér secona, and the calculated_percenfage redﬁction
of the vertical o;sne qolumn.” Part A gives results of early models that
did not'inclﬁde nitric acid_chemistry or that ussd dlder, incsrrect
values for nitric écid.réte sonstants. Paft B gives.réSults fromvmddels
that include nitric acid chemistry. The.models indicate.that abou£
Vhalf the NO of Ehe stratosphere is reversibly tied up as nitric acid.
The seven investigators all found that oxiaes of nitrogen inssfted in
thelstratospheré_by supersonis transports reduce‘OZOné. .The calculations
without consideration of nitric acid indicate about.tWice as greaﬁ an
ozone reduction as the calculations that include nitric acid. The
modelers agree that for a given raté of input of:NOx,.the ozone
reduction increases with elevation of inseftion..-Forrexample, for an
insertion rate~of 2.3x10% molecules NO,_, em™ 2 sec”?! at 17, 20, and 25
kilometérs, McElroy et al found ozone to be reduced réspectively 9, 18,
and 26 percent.

Many calculations were made with a model .of 500 Boeing SST, emitting

14 grams of NO per kilogram of fuel, and uniform world-wide spread of
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Table 3. Summary of'Results of Model Calculations

3sburCe
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‘Table 3. Summary of Results of Model Calculations

Injection : Source Ozone

Altitude °  Strength -~ Reduction - References
lO8 molecules %
. -2 _1} .
cm T sec

18
23
28

18

23
28
17
17
17
17
20
20
20
20

a.

C. Two dimensional models, including HNO3'chemistry

(lz)Hesstvedt, 1973
45° summer

0.22
0.22
0.22
0.22

0.22
0.22
0.40
0.65
1.50
4.0

0.40
0.65
1.50
4.0

v45° winter
(12)Hesstvedt, 1974

Luther's K
~values

N
A

NN e
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Emissions were not given in these units but the original NO
increments were estimated to be approximately these values.
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the exhaust; this model corresponds.to ]__.5x108 molecules NO_ —
sec_l.‘ The models without nitric acid gaVe'Ozone'feductibns between 18, 
and 30 percent'fOr thiS'casé, and modeis'with>nitric acid:indicate ozone
reductions of 7 to 15 peréent. Some calculations_héve beén'méde
assuming a "local maxiﬁﬁm" several times gréatef than the unifdrm'world-
wide avefagel. Such a local maximum presumably dcéurS’at the latitude
of the'- North ‘Atlani:ic and North Pacific flight réﬁtes. In 1971 it was

16 ‘ywut in 1973 it is

felt that a ten-fold local maximum was possible
felt that-a‘thg—term} locél maximum would be no éreater than a factor
of thrge hiéher'than the global average. The modeis without nitrié
acid indicate a 50 percent reduction of ozone for.tﬂe iocal maximum
zone with 506 Boeing SST; the moaels with nitric acid indicate én'ozone
reduction of 17 to 30 percent.
| The Concorde burns only about one-third as much fuel per hour as
the propésed Boeing SST. Thus 500 Concerdes givé.a world-wide emission
‘rate of about 0,5x108 and a thfee-fold local maximﬁm rafe of aboﬁt
1.5x108 molecules NO em™? sec”l. For insertiohs.at'l7 kiiometers}
éﬁrrent models indicate ozone réductions of about 1 to 3 percent on a’
world-Wide basis or '3 to 7 percent-forva thrée—fold_local maximum. The
'models reported in 1972 and afterwards inélﬁdea both_atmospheric
rmotiohs and photochemistry. The disagreement betWeen one model and
another can largely be traced to the different aséumptions made about
motions aﬁd turbulence.in the stratosphere. “
Some cases in Table 3 fall farIOU£side‘the:fange.indicated by
3

other models. Stewart et gll -find a 70 percent ozone reduction, but

their rate of'NOx insertion is very large. For an'insertionArate of
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0.22x10° at 23 km énd 45°, Hesstvedt found a.l.7 perdént reduction
of ozone in the summer, but this went down to aﬁ 0.1 percent reduction
in the winter.:-Radioactive debris in the étratosphere at 23 kilometers
has a half time for removal of several years;‘andvit is difficult to
accept Hesstvedt's 17 fold change in ozone reduction by NOX between
summer and winter. Hesstvedt's winter stratosphere must have an un-
realistic pattern of motions. Both the very lafge ozone redudtions by
- Stewart et al and the very‘small ozone reductions by Hesstvedt appéar
to be in logical difficulty. Aside from these extreme cases, thére is

a concensus in 1973 among modelers that 500 SST would reduce ozone

‘between 3 and 30 percent.

Injectionlexperiments

One must alWays be worried about -the completéﬁess of'any model
calculation. Has some chemical reaction been omitted? How well is the
rich spectrum of turbulence represented by the approximations used by
the modelers? Has some important interaction mechanism been overlooked?
Direct injection experiments where large amounts of nitrogen oxideslére
inserted in the stratosphere and followed for a year or more appéar té
be hopelessly complicated and expensive. It would be cohveﬁient if some
past action, natural or artificial, had injeéted:known amounts of nitric

oxide into the stratosphere. Two such possibilities have recently been

proposed.

Nuclear bombs
Foley and Ruderman17 calculated the amount of nitric oxide that

would be produced by nuclear bombs exploded in the atmosphere. This

: 9
work was extended by Johnston, Whitten, and Birksl8, by Goldsmith et gil‘
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and by Gilmore??. There is agreement. as to_the_amount of nitric oxide
produced in the atmosphere
32

Nyp = (1.020.5)x10°% ¥y, A (II)

where Nyo is theznumber molecules of nitric oxide and Y is the bomb

yield in megatons. Nuclear bombs also produce carbon-14 which becomes
a gas (CO or C02)tsimilar in transport properties to NO or N02.

/ - 26 o ’ o :
N .— 2.0x10 YMT | | (III)

‘Thus the observed’carbonfl4 is directly proportional to the nitrogen

oxides produced by the bombs

- 6 o
NNO = (0.5%0.25)x10 NC14 _ (IV)

The records5 of.carbon-l4 show that in January'l963, at the conclusion
of the large-scale bomb tests of 1952-62, about two-thirds of the
carbon-14 was in the stratosphere and one-third was in the troposphere.

The quantity of artificial NOx in the stratosphere in January 1963
_ 34 ,

- was (1.8%0.6)x107°, as calculated from observed carbon-14. As noted

above, the natural stratosphere is believed to.have about (3tl.5)x1034'

-molecules of NO' 500 Concordes are expected to 1ncrease stratospherlc

34

.HNO by about 1.2x%10 molecules, and 500 Boelng—type SST are expected

34

- to add about 4;5x10 molecules of NO_' to the stratosphere. By any

comparison, the quantity of NOx injected into the stratosphere by

nuclear bomb tests was‘large.

Casual inspection of the historical ozone data by Goldsmith et ail
revealed no large or conspicious changes of ozone during the large-
scale nuclear tests of 1952-62. However, Johnstons,in 1971 showed that

4.2x1034 molecules of NO could reduce the ozone column anywhere
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betWeen 3 and 50 percent depending on the distribution of NO_ in the

stratosphere. .Atmospheric motions determine the distribution of NoX
in the stratosphere, and Goldsmith et al gave no consideration to air
motions.and the .actual distribution of artificial NOX.'

As can be seen from Figure 6,'atmoépheric motions are very

important in the ozone problem. One must ébnsidefvatmosphéric_motions
in this problem, either implicitly8 by ASsuming a wide rangerof

10-15 by solving the coupled

possible distributions or explicitly
differential equations for air motions and photochemistry.

It is not necessary to resort to model calculations to determine
the distribution of NO# in.the stratosphere followihg the nuclear bomb
'testé;éf 1952-62. These distributions may be reconstructéd from the
obserVéd diStfibutién of carbon-14. The global'distributibns of the
'é£tificialJNOX clouds in the étratosphere,(based on the ceﬁtral number
inTthation IV) for January 1963, January 1964, and January 1965 are
given by Figures 10A, B, C.

| Immédiétely after the laét large bomb tests of December 1962,‘the
nitrdgen oxides»distributi?n (Figure 10A) was mostly at low eleﬁations
(below 17 kiléméters) and far to the north. Of the massive test seriés
of 1961-62, ninety percent was at the USSR station’north of the Arctic
Circle,'andbthree—quarters ofvtheSe tests dccurred’during or just befdre
the polar night. These bomb clouds rose into the dense low-temperature
étratosphere, Figure 1; and the vertical height attained was.much less
than that expected from the US tests at tropical,stationsl7. Based on

o

the distribution of NOx given by Figure 104, Johnston'gE 3&}8 found
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steady-~-state ozqné reductions as follows:

- 60°N 4.4 perqent
45°N o 5.7
30°N | 5.4
" 15°N 6.3
0° : . 3.5 .
In model calculations that included atmospheric motions and the decrease of

NO with timeée (¢ompare Figurés.l0B.and C) Chang et'aJ.21

evaluated the ozone reduction at 45°N by the nucieaiubémb tests,
Figure 11. The maximum calculated ozohé reductioﬁ was 4.0 percent.

The féw data fér observed ozone at Arosa as présented by'v
Goldsmith et éllg are given by Figure 12. On the same scale;'Chang's
calculated change in ozone is shown, ana it is very sméll comﬁared to
the scattér ofrfhe ozone data. One panel of Figure 12 gives |
Goldsmith;s points at Arosa offset by Chang's calculéted change of
 ozone. Simple inspection of raw daéa, such as these, is no£ thé,way
to discover whether the observéd ozone records refléct the small changes
to be expected from the NOx distribution of Figure 10A. '

' The distribution of NO# a year and two years after thé cessation
of nuclear tests, Figures 10B and C, gives an interesting examﬁle of
the scale and nature of atmospheric motions. The contour line, lx109
molecules cm_3, changed very slowly with.time.v In the temperéte and.
polar zone it rose from 22 km in.1963, to 24 km in 1964, and to 28 km
in 1965. The high concentratiqn of NOx at 15 km in the polar

 in 1963, to 5x10° in 1964, and to

stratosphere decreased from 12x10
3x109 in 1965. These data show the relatively rapid'loss of material

from the lowest stratosphere and the extremely slow, but ongoing,
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" CALCULATED CHANGE IN OZONE IN THE
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vertical transport betwéen 20 and 30‘km¢

| ~One.hoticeable feature of Figures ldA,‘B,\C'is that éﬁly'a'smali
fraction of the NQx’from the nuclear bbmbé entered the "ozone source
region", even wheh ohe considers the.éummerlseésbn in‘the northern‘
hemisphere. qut of the bomb—prédﬁced NOX lay 1ow in elevation and
far to the north in the “detachéd oZohe‘region"; This distribution was
- not conducive £o,a lérge reductioﬁ of'bzone.

In 1971; kdmhyr et al made'a_préper statisticél étﬁdy of the ozone
data at several stations 6ver'the:globe. They found.a statistically |
significant increase éf ozone during the period 1961-70. .Johnstbn
et Ells appliéd Komhfrﬂs.methOd to all ozone-observing stations‘of the
WOrld, and these;stations were averaged tbgethet with appropriate
weighting factors. The results are given in Tabié 4. There were no
statistically signficant chanées in the southern hemisphere. In the
northern hemisphére there was a marginally significant decfease of
ozone of =2.3%2,1 percent during the fhréeéyear pefiod'l960—62, and
there was a statistically significant increase of ozéne of +4.5+1.2
percent_frqm 1963-70. |

These statistical studies, especially that for the period 1960-62,
are complicated by the "quaéi—biennial" osciliations of ozdne. From
the analysis of these cycles by Angell and Korshqver23, it can be seen :
that 1962 corresponds to a maximum in tﬂe quaéi—bieﬁnial ozone cycle;
and thus the t;ends shown iﬁ Table 4.would have beeﬁ larger if there
had not been the biennial cycles. The record of global ozone before

1960 is lost for lack of enough data; there were:too few stations

before 1958 for_any estimate to be made of global ozone.
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Table 4. Average percentage ozone changes for all stations
for 1960—62 (inclusive) and for 1963-70 (plus or )

minus two standard deviations).:

1960-62  1963-70
Latitude
50-90°N | - -3.8+3.2  46.122.6
0-90°N - =2.3%2.1 - 44.5:1.2

. 0-90°S - -1.0£6.0 | -1.0£2.5
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Cosmic rays.

Ruderman and Chamberlain24 pointed out that a natural cycle with
reSpect(to dosmie rays may be interpreted in tefﬁS'ef the effect of
nitregen 6xideé.on ozene. CoSmic rays are guided.into the polar regions
and deflected from equatofial regions by the Earth's magnetic field.
Tﬁis magnetic‘field chénges markedly"with the eleven year sunspot cycle.
The cosmic rays'producebétoms and iohs?in the stratosphefe. This ion
production has been'measu;ed as a function_efvlatitude ahd elevation
for several decadeszsz It is straightferwerd to Calculaﬁe how much
nitric oxide is produced_from stopping the cosmic rays in the -
stratosphere. .The production of nitric_oxide is modulated in peiar
regions by the eleven—year;sunspot cycle, and this,modulated;effect.
should spread_with an ihcreasing phase shift and decreasihg‘emplitude
from thel?oles to the equator.

The éoufce(strength of moduleted nitric okide in polar-regions is
givenvby.Figure 13. The geegraphical distributien and’ the yariation
with elevationeis'based directly on observed rate of forﬁation of ion
pairs by cosmic:rays. The magnitude of the nitrierxide predﬁction in
Figure 13 1is the difference betweeﬁ nitric exide production a£ ther
maximum minus the production at the minimum with respect to the 11 year
solar cycle. This moduiation is about 50'percen£ of-the maximum value
of the éighal'itself. Although the maximum aﬁplitdde of the modulated
signalv?ccurs at about .14 kilometers, where NOX phptochemistry is very
slow, a large amount ef the NO_ production occurred above 25 kilometers,
where NO_ destruction of ozone is fairly fast.

23

Angell and Korshover: have examined ozone data for evidence of:

correlation with the sunspot cycle. Only Tromso and Arosa have total
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ozone data that_go back continually to the'l940's.

Korshover analyzed these data,

dAngell‘and

smoothed the data with a 30 month running

mean to take out the b1enn1al cycles, and found a ‘pronounced correlatlon

of total ozone ‘with the sunspot cycle, Figure 14.
shift of 32 months at Tromso (70°N) and 38 months at Arosa

close agreement with Ruderman and Chamberlain's calculations.

‘There was a phase
(48°N) in

The

amplitude of the ozone change is greater at Tromso (closer to the

source) than at Arosa in agreement with the calculatlons.

The

coherence between the sunspot cycle and the ozone response is largely

destroyed in the late 1950's and early 1960 S, presumably as an effect

of nltrlcvox1devfrom nuclear-bombs.
There is a #5 percent change of
the 11 fear sunspot cycle before the
ing,change-of'nitric oxide(at_Tromso
The total“change of nitric oxides at

per year.

50 Concordes or by about 17 Boeing-type SST.

ozone at Tromso correlated with
The correspond-

2 -1
sec .

1950's, Figure 14.
is 0. 2xlO8 molecules cm

the two poles is 7. 4xlO 32 molecules

This quantity of NOx would be produced 1n one year'by about

Thus it can be seen that

the correlation of ozone with the sunspot cycle'implies a substantially

greater sens1t1v1ty of ozone to changes in nltrogen oxides. than is

given by the model calculatlons, Table 3.

There are two lines of evidence

that the nuclear bomb tests of

1961-62 did reduce ozone by virtue of the nitric oxide formed by the

bombs, Table 4 and Figure 14. Table

4 demonstrates ozone changes in

the northern hemisphere that were not observed in the southern hemisphere.

Figure 14

ozone when the nuclear bomb tests occurred.

1961-62 tests were conducted north of the Arctic Circle,

shows the breakdown of the cosmic-ray modulated changes of

Ninety percent of the

and the bomb
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clouds did not rise nearly so high in the coldlpolar stratosphere as
they would have in tropical regionsl7. As can be seen from Figures
10ABC, the bomb-produced nitric:oxide.mestly lay'low.in elevation and
far‘to the north. If the 330 megatons of bombs l96i—62'had all been
detonated in tropical regions, the nitric_oxide cloud would almost
certainly have spread between 26 and 30 kilometere,'where tnere would
have been a major overlap of artificial NO and the ozone formatlon
region. In this case there probably would not have been any ‘debate in
1971-74 as to”whether artificial NOX would reduce stratospheric ozone.

There would probably have been a conspicuous decrease of ozone in the

tropical zone,‘which would have been seen ten years ago.

SST exhaust
The dlstrlbutlon of NO fromvthe SST exhaust has been calculated
by Mahlman26; The exhaust gases were regarded as an inert tracer.

Using a three-dimeénsional, global—circulation model Mahlman followed

~the spread of an inert tracer 1n3ected at 20 kilometer elevatlon and

30°N latltude for a simulated perlod of 11 months. The resultlng
distribution of NOx from 500}Boe1ng‘SST is given by Figure 15. This
distribution is ‘to be compared With those of the nuclear bombs

(Figure 10) and from“cosmie—ray modulation (Figure 13). The vertical
distribution more nearly paraliels that.from the cosﬂic—ray modulation
than that from the nuclear bombs, that is, the distribution is one that

would have afstrong effect on ozone.

Perturbed biesphere

Natural ozone in the stratosphere is the only effective shield of

the biosphere against solar radiation between 300 and 250 nm27. DNA
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has a maximum absorption coefficient at 265 nm, and the long wavelength,
extreme of this absorption band extends-to just>above 300 hm. Proteiné
have absorptioh méxima, typically around 275 to 285 nm, and these
absorption bands also extend only slightly'above‘306 nm. In the

natural atmosphefe there is only a very small overlap of these
absorption spectra,With the ultraviolet radiation.transmitted by ozone.
Even so, there are now a number of damaging effegﬁs of ultraviolet
radiafion. Human skin is sunburned, made leathef%like; aged; and skin
cancers are primarily caused by ultraviolet solaf radiation27, A
relatively small increaSe in the nbrmal exposurerof human or animal eyes
to ultraviolet radiation, as with reflection from snow or rocks, leads
to temporary "snow—blindness“zg. Plants are sensitive to ultraviolet
'radiatioh'below_310-nm; they are subject to inhibition of photosynthesis,

to stunted growth, and'to death27’29.

All higher forms of plants and
animals have repéir mechanisms agaihst ultraviolet radiation damage,
and their life séems to depend on the ability of'the repair mechanisms
to keep up with:naturally occuring radiatioﬁ damage27c. The action
spectra for skin, eye, and plant damage are'esséntially the_same, and
they rather closely parallel the DNA absorption curve.

The sharﬁ cut—offbof solar radiation near 300 nm (Figure 3) is
brought about by ozone. A réeduction of ozone permits the transmission
‘of_raaiation farther to the~ultraviolet.' The percentage increase of
the bidlogically'damaging radiatibn between 290 aﬁd 310 nm is greater.
than fhe percentage decrease of ozone. A four perCent decfease in

ozone would cause a 10 percent increase in this radiation. A large

decrease of ozone would admit so much ultraviolet radiation between
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290 and 310 nm that it would overwhelm the defenses of plants and some
animals; the threshold for such effects has not yet been established.

It is sometimes argued that natufal variatibns of ultraviolet
radiation are large compared to that to be causé by SST reduction of
ozone. Of course, this statement is true; evéry night and.every day -
the ultraviolet radiation goes from zero to some finite value.. The:
effect of DNA daﬁaging ultraviolet radiation is cumulative, and it is
the integrated dose over many years that produces\skin cancer in
individual human cases or causes mutations in plant species. The
problem of ultraviolet damage is'a long-term one,.and,short term. cost-.
beﬁefit'calculations must be critically inspected. The problem‘is a.
global one. However, the half of the world between 30°N and 30°S is.
much more vulnerablé than the rest of the world. Here the sun "is often
very nearly overhead, and the natural ozone shield is the thinnest in -
the world.

The problems related to ozone reduction by.supersonic transports
are not all splved yet; 'HoweVer, it-is now reasonably well established
that stratospheric ozone is vulnerable to artificial nitric oxide from
supersonic transports. The unsolved problems lérgely concern the

magnitude of the effect, not whether it exists.
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TITLES TO FIGURES

“Figure 1. - Standard temperature for the globe, preSented as "zonal
‘average", January.lS.

Figure 2. - Standard ozone concentration for the globe; presented as
"zonal average“, January 15.>”The$e dataiare based on 10
years of ground based data from 30 to 100 stations,
‘supplemental by Vertlcal rocket soundings. Recent satellite
observations' of glohal ozone have confirmed'theee ground-based
~data with a standard deviation of +6 percent. 7E12 means 7x10-2.

Figure'3: - Absorption spectrum for ozone. Light-absotption‘cross
section.c as a function of wave 1ength.deﬁzlo/I = ¢ NL,
where N is expressed in molecules em™ 3, L is the"optical
path in cm, and I is radiation intensity. The role of ozone
in reducing solar radiation is indicated by the dashed i
curve; the vertical column of ozone is 0.37 cm (STP).

Figured4, - Global rate of photolysis of molecular oxygen, calcdlated
from observed intensity of sunlight above the atmosphere,'
the concentration of ozone shown in Figure 2 the observed
light—absorption Ccross sections for oxygen and for ozone
(ozone and oxygen compete for ultraviolet radiation below
250 nm). Note the almostuuniform high rate of formation
of oxygen'atoms above’30 kilometers in the_tpopies and in
the summer hemisphere.

Figure 5. - Ozone replacement time by photochemical processes. The.
local concentfation of ozone (Figure 2).ie divided (point-

.by—point) by the local rate of formation of ozone (twice



Figure 6. =
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the rates of Figure 4). The ozone feplacement time is to
be interpreted as a measure of an instantaneous rate

(compare the use of 4,5 billion year half time to

characterize the rate of radioactive decay of uranium).

The*contrést between the location Of:OZOhe and the rate

of ‘photochemical formation of ozone, which shows the great

importance of atmospherie.motions'in the global distribution

of ozone. Note the large quantity of ozohe, especially

- in the winter polar regibh, that is eompletely detached

Figure 7. -

Figure 8. -

from the ozone formation region. Above the dashed line

the oione replacement time”is_4'months'9r iess;ibelowithe
heaQy 501id‘iine the ozone replacementztime is:greater than
lOAyears.‘ |

Persistent time of an inert tracer, radioactive carbon-14

" as carbon diOXide, in the global stratosphere. ' Between

1952 and the end ef 1962, there were four periods of test-
ingllafge‘nuclear bombs  in the atmosphere. The duration.
of the periods of testing and the tqtel'bOmb yields in
units'of_megatone (MT) of TNT are indicated on the figure.
After the conclusion of the large scale tests in-

14C from the

December 1962,'the half-times for removal of
stratosphere were: 1963, 1.6 years; 1964, 2.4 yeare;
1965, 4 yeare;v1966, 4 vears.

Ratio of rate of destruction of ozone by the NO, catalytic

cycle to rate of destruction of ozone by the pure air OX

reactions. The ratios are given at one temperature (220°K) .



Figure 9. =~

Figure .10. -

Figure 11. -

-51~

and for the full stratospheric range_of the independent

Variabies, nitric oxide and pxygen.aﬁoms. The average'

concentration of oxygen atoms in'ﬁhevstratosphgre

increases monotonically with elevation, and this relation

gives approximately thé elevations on the right-

hand-side of the figure;‘ Note thataﬁhis ratio of rates

depends only on nitric oxide concentration below 35 kilo-

metefs and only weakly on oxygen'atoh conéentrations in

the uppermost stratosphere.

Concentrations of nitric oxide in the stratosphere as

observed by Ackerman et al (1973) by means of infrared

absorption from a balloon. The horizontal

bars represents the authors estimaté of the uncertainty

of the experimental determinétion._

Nuclear-bomb produced NOx based directly on the observed

distribution of carbon-14. The yield 6f NO is taken to

bé.1;0x1032 molecules per megaton bomb yield.

A. Distribution of bomb-produced NOX,'January 1963
'(Large scale nuclear bomb tests in the.atmosphere
ended December 1962).

B. Distribution of bomb-produced NO_, January 1964.

C. Distribution of bomb-produced NQX’ January 1965.

Calculated change of ozone_in the northern hemisphere as

a result of the increase in NO_ from_atmospheric nuclear-

bomb tests according to Chang (1973). .
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Figure 12. - Ozbne data for Arosa for the period 1925-1970, expressed

as deviation of the monthly mean from the long-term

monthly average.

Lower. Data for Arosa as'presented bnyoldsmith gﬁ al (1973).

Upper. Data for Arosa with the calculated reduction of ozone

fby nuclear bombs (Figure 10) removed from the observed
.points. The magnitude of the calculated ozone

reduction is shown at the base of the upper figure.

Figure 13. - Cosmic-ray produced'nitric oxide, expressed as difference

Figure 14. -

Figure 15. -

' between maximum and minimum annual .rate over the 11 year

solar cycle. The_distribution in terms of latitude and
elevation is based,bn directly observéd rate of son-pair
fbrmation from cosmic rays. The translation from rate of
ion—pair formation to nitric,oxide;formation is the oniy
aspect of chemical modeling in this_figure.

Correlation of total ozone (expressed as deviation from

average as in Figure 12) with the 11 year solar cycle..

- Upper curve, sunspot number; center. curve, percent ozone

variation of ozone at Tromso with 30 month running mean

smoothing function; lower curve, percent ozone reduction

‘at Arosa. Based on an analysis by Angell and Korshover

(1973).

The distribution of NOx after 11 mon£hs.of operation of
SOO'Boeing supersonic transports at 20 kilomefers elevation
and.at 30° nofth latitude, according to a three-dimensional

global circulation model (Mahlman, -1973).
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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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