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Abstract 

This article reviews the derivation by Foley and Ruderman 

of the injection of nitric oxide into the stratosphere by nuclear 

bomb tests and compares it with other similar studies. Upper and 

~ ~ lower limits of this pollutant are estimated by us and compared 

with the amount and distribution of nitric oxide in the stratosphere 

possible from supersonic transports. The effect on ozone of any 

artificial nitric oxide in the stratosphere depends on the 

distribution as well as the quantity. The distribution of 90sr 

in the stratosphere was measured by balloons and planes after the 

1961-62 nuclear tests, and there is a linear relation (with known 

proportionality constants) between bomb-produced 90sr and bomb-

produced nitric oxide. In this way the actual distribution (within 

the six-fold range of uncertainty that connects NO formation to 

bomb yield) of NO in the stratosphere is presented. Most of this 

bomb-produced NO lay low in the stratosphere and far to .the north 

such that the maximum expected ozone reduction would be matter of 

a few percent. The total-ozone data for the worlCJ. for 1960-70 

inclusive have been examined in detail. There appears to be a 

·· ';" real (about 5%) increase of ozone over the period 1963-70; any 

other.trends appear to be lost in fluctuations of the data and 

to be unobtainable because of the few ozone-observing stations 

before 1957. The increase in ozone 1963-70 is roughly parallel 

to the decrease of bomb:-produced 90sr and thus bomb-produced NO; 

ah'd hence this increase of ozone may be the stratosphere returning 

to/normal after the nitric oxide injections by the nuclear bomb 

tests of 1952-62. 
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INTRODUCTION 

Foley and Ruderman (1973) examined the question of the 

formation of nitric oxide from air heated by nuclear explosions 

during the period of large scale atmospheric t~sting, 1952~1962. 
. and lower 

'l'hey evaluated the uppcr;\limits of the nitric oxide injection into 
; upper limit 

the stratosphere and compared the to the production of NO by . . 1\ . 

supersonic transports (SST). Foley and Ruderman examined the 

ozone data for the world during the period 1960-65, and they 

found no large reductions of ozone that correlated with the 

nuclear explosions. They did not look for small effects. 

In this article we review the derivation of the rate of 

formation of NO from nuclear explosions. We agree with Foley 

and Ruderman's upper limit, but we disagree with their estimated 

lower limit. There is a linear relation with known coefficients 

between strontimn-90 produced by the bo~bs and the nitric oxide 

(within the range of lower-to-upper limit) produced by the bombs. 

The observed distributions of 90sr in units of radioactive 

disintegrations per thousand standard cubic feet of sampled air 

can thus be directly translated into mole fractions of bomb-added 

nitrogen oxides in the stratosphere. Most of the added nitrogen 

oxide was at low elevatl.ons and in thefar northern stratosphere 

\'lhere ozone photochemistry is not important, and the maximum 

expected effect is a matter of a few percent reduction of ozone, 

spread out over a number of years. The ozone data of the world 

are subject to daily variations and to seasonal, biennial, and 

perhaps 11 year cycles, and it would require 10 years of daily 

fv' 
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observations to establish to the 95% confidence level a systematic 

5% reduction of ozone (Pittock, 1972). The expected small changes 

of ozone may be lost in the noisy data. Careful analysis of 10 

years of daily ozone observations show a systematic ~ncrease of 

about 5% in the northern hemisphere between 1963-197 _ The timing 
c 

1 d . . b . f 90 . h d 1 1 . anc 1str1 ut1on o Sr 1n the str~tosp ere an our ca cu at1ons 

estimating the effect of the related nitrogen oxides from nuclear 

bombs are consistent with these ozone data. 

Although the large nitric oxide injections in the stratosphere 

from the nuclear bomb tests did not attain a distribution conducive 

to large ozone reductions, the long-term, steady flights of 500 

American SST could establish a different distribution capable of 

much larger reduction of ozone. 

THERHODYNA.HI CS 

Foley and Ruderman (1973) pointed out that the. detailed, 

quantitative study of t."'le nuclear fireball by Brode (1968) can be 

expressed in relatively simple terms: one third of the bomb energy 

goes to radiation transmitted by air, one third of the energy is 

carried away as the directed kinetic energy of a strong shock wave, 

and one third remains in the fireball as thermal energy. The 

initial nuclear explosion is at temperatures far above 105 °K, and 

the black-body emission of radiation is largely in the region of 

soft X-rays, which are strongly absorbed by air to produce high 
i 

temperatures. The fireball grows by emission and absorption of 

short wave-length radiation, and it cools by emission of radiation 
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weakly absorbed by air, that above about 185 nm. A strong shock 

wave forms which both heats the air ncar the explosion und which 

carries away directed kinetic energy in the air. Within a few 

seconds the shock wave has carried away about one-t!-:.i rd of the 

energy •. The residual fireball at an average ·tempert\'f\U'e of about 

6000°K contains one-third of the energy. The equilibrium 

distribution of the components of air at several temperatures 

between 298 and 600.0°K is given in Table 1 (derived from Gaydon 

and Hurle, 1963; and JANAF Thermochemical Tables}. At one 

atmosphere pressure and 6000°K oxygen (and \vater, which is not 

included in Table 1}, is almost completely dissociated, nitrogen 

is about 4 per cent dissociated, and the equilibrium concentration 

of nitric oxide is just above one per cent. The enthalpy function, 

-1 HT - H2 98 , in kcal mole and the enthalpy including the stan<iaL·d 

heat of formation, ~f H2 98 , is given for each component of air in 

Table 1. The sum of !if H2 98 and HT - H2 98 over all species gives 

the total enthalpy of air; this total enthalpy is the energy 

required to heat one mole of air from 298°K and one atmosphere 

pressure to the te~perature T, including the energy required to 

bring about the endothermic reactions. Heat capacities and the 

heat capacity ratio y are included in Table 1. 

G1asstone (1964) gives L~e energy of the nuclear bomb as 

12 
Etota1 = 10 kcal YMT 

If one third of the energy goes to form hot air at 6000°K, the 

yield of hot air is this energy divided by the total enthalpy of 

air (Table 1) 

r 
! l;; 

' 
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Table 1. Thermodynamic properties of air between 298°K and 

6000°K. Enthalpy functions refer to the quantity 

of material in one mole of air at 298°K. 

T °K 298 2000 3000 4000 5000 6000 

A. Relative composition (approx. 1 atm total pressure) 

N2 0~78 0.78 0.76 0.75 0.75 0.735 

02 0.21 0.21 0.165 0.038 0.0036 4 x10- 4 

NO 0.008 0.044 0.052 0.026 0.014 

Ar 0.01 0.01 0.01 0.01 0.01 0.01 

0 3x10- 4 0.046 0.29 0.39 o. 41 

N· 0.002 0.028 0.075 

B. no - Hi9a' 
-1 

T kcal mole 

N2 0 13.42 22.16 31.08 40.12 49.24 

02 0 14.15 23.45 33.20 43.26 53.4 8 

NO 0 13.84 22.72 31.77 40.92 50.19 

Ar 0 8.45 13.43 18.38 23.34 28.30 

0 0 8.45 13.52 18.57 23.72 28.98 

N 0 8.45 13.44 18.53 23.92 29.79 

c. Af H298 + a; - Hi98' kcal mole -1 

NO 21.45 35.29 44.17 53.22 62.37 71.64 

0 58.98 67.52 72.50 77.55 82.70 87.96 

N 112.6 121.0 126.0 131.1 136.5 142.3 

D. Total standard enthalpy of air, kcal mole- 1 

0 13.8 26.1 50.3 68.2 84.2 
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Table 1. Continued 

E. Heat capacities, cal mole-l -1 deg , and y = Cp/(Cp - R) 

298 2000 3000 4000 5000 6000 

Cp(N2 ) 6.96 8.601 8.86 '&' • 

Cp(o2 ) 7.02 9.029 9.55 , ' 
Y(N2 ) 1.40 1.300 1.30 

y (02) 1. 40 1. 282 1.27 
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N (air, 6000°K) = 2.38xlo
33 

YM'l' molecules (1) 

As this air is cooled by adiabatic expansion, further radiative 

cooling, and a mixture with ambient air, it is expected (Foley 

and Ruderman) to have frozen-in a nitric oxide composition 

corresponding to equilibrimn at 2000°K, which is a mole fraction 

of 0.008. The temperature of "frozen equilibrium" depends on 

the cooling rate, and the cooling rate of the rising fireball 

corresponds to a freeze~out teffiperature of 2000°K. The air in the 
at 6000°K 

original firerelll\and cooled down (at the appropriate rate} is 

sure to form about 0.008 mole fraction of nitric oxide, that is, 

the minimum production of nitric oxide is 

NNO(rninimum) - (0.008) (2.38xlo
32 

YHT) 

32 = 0.19Xl0 YMT molecules 

CHEMICAL KINETICS 

(2) 

There is an additional thermal source of nitric oxide from • 

the rising fireball. Ambient air mixed into the hot fireball 

will be heated up as the fireball itself is cooled down. The air 

outside the primary fireball is heated up and then cooled down 

shortly afterwards. The production of nitric oxide is kinetically 

controlled by a process with a very high activation ener~J, and 

it is enormously sensitive to the precise history of temperature 

and time. If the coolant air never reaches 2000°K (by virtue of a 

large ratio of cold air to hot air in the entrainment process)' 
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there would be no nitric oxide production during the cooling 

process i ts~lf. On the other hand, if the cooling process 

occurs by stirring in relatively small amounts of outside air 

so that the temperature of all the coolant air exceeded 2000°K 

for a few tens of seconds, then the maximum amount of nitric 

oxide formation ··\-;ould occur. The two extreme cases are similar· 

to the familiar chemical problem of mixing sulfuric acid with 

water or of mixing water with sulfuric acid; the temperature 

history of the water is remarkably different in the two cases. 

The excess enthalpy H; - H2 98 of air including the energy 

of dissociation to form oxygen and nitrogen atoms, is 84.2 at 

6000°K and 13.8 at 2000°K, Table 1. The ratio is 6.1. It thus 

requires 5 moles of air at 298°K to mix with one mole (29 grams) 

of nir at: 6000°K to pToduc~ 6 moles o.f air at 2000°K. The fireball 

must have risen to a substantial height in the atmosphere before 

cooling to 2000°K. There are small but significant contributions 
the 

of adiabatic expansion to the cooling process,andAwork of lifting the 
contributes 

air in the earth's gravitational fieldAto the e~ergy balance. 

These terms con tribute approximately· 15 per cent to the cooling 

of the fireball. The maximum thermal yield of nitric oxide is 

thus 

NNO (maxim~~) = 0.19(84.2/13.8) (0.85)xlo 32 YMT 

= 0.99xlo
32 

YMT (3) 

Thus this analysis gives the range of production of nitric oxide 
t. 

from thermal: ··t;ources as 

· ... 
NNO = (0.19 to 0.99)xlo

32 
YMT (4) 

t 
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Foley and Ruderman give the maximum yield of nitric oxide 

from the thermal source as 1. 0 x10 32 Y MT in agreement \·lith our 

value. They give the minimum nitric oxide yield as a factor of 

three below the maximum value. Although the ratio of absolute 

temperature bety.reen 6000°K and 2000°K is a factor of three, the 

enthalpy content of air at 6000°K (~igh because of dissociated 

molecules} is 6.1 times that at 2000°K. Thus the range between 

maximum nitric oxide formation (mixing cold air with excess hot 

air) and miniinum nitric oxide formation (mixing hot air with 

excess cold air) is a factor of 6, not 3 • 

. An independent evaluation of the expected yield of nitric 

oxide from nuclear explosions was made in an unpublished Livermore 

Laboratory report by Bonner (1971) 

"I have made an estimate of the maximum c~edible 

production of NOx. The reaction producing NO is 

N2 + o2 = 2NO. At room temperature the equilibrium 

is far to the left, i.e., N2 and o2 do not react. 

NO does not decompose into N2 and o2 at ordinary 

temperatures, hot-lever, because the reaction is very slow. 

In a s.5.tuation such, as a fireball where the temperature 

is changing fairly rapidly, the equilibri urn tends to be 
. . . 

frozen at about 2000°K. Above this temperature the system 

is in equilibriu~, and below it the reaction rate is so 

slow that one can assume no reaction occurs. 

11 1 made the assumption that the 2000° equilibrium 

concentration e~ists throughout the volume of air which 

had been heated (by shock or otherNise) to at least 
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2000°. For 1 MT this corresponds to a radius of~ 3000 

ft {H. Brode- Annual Reviews of Nuclear Science, 1968}. 
I 

"At 2000°K the equilibrium concentration of NO in 

air is .007 mole fraction ••• " 

This analysis gives 

32 
NNO = 0.90xlo YMT molecules {5) 

as the " . max1mum ••• yield" of nitric oxide from air which was 

heated "by shock or otherwise" by the nuclear bombs. This figure 

is in excellent agreement with that of Foley and Ruderman 

(l.Oxlo 32 ) .and the thermodynamic analysis (0.99xlo 32 ) given above. 

One of the mechanisms of nitric oxide formation discussed 

by Foley and Ruderman is the direct formation in the shock wave. 

They quoted a calculation based or. 20 l:ilctons cf T!iT, and they 

scaled it linearly to megaton bombs. It should be pointed out 

that shock waves are highly non;...linear phenomEi.'1a and simple 

scaling factors are inadequate in some cases. In particular, 

strong shock waves are strongly damped by the endothermic 

dissociation of the molecules of air. A major fraction of the 

energy of 6000° air is in the form of dissociation of o2 and N2 • 

Realistic considerations of shock waves in air must consider the 

interaction of endothermic chemistry with the gas dynamics of the 

shock waves {Gayden and Hurle, 1963). These are very large effects 

and can change NO production in the shock wave by several orders 

of magnitude. 

There is a factor that acts to reduce the·amount of NOx 

actually introduced into the stratosphere by nuclear bombs. 
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The initial fireball at 6000°K is diluted a factor of 6 (compare 

Table 1) in cooling to 2000°K, and it is diluted a further factor 

of 1700 (Bonner; 1971) in rising into the stratosphere. After 

cooling to 2000°K, the cloud continues to entrain large volumes 

of tropospheric air. The rising bomb containing rr.oist tropospheric 

air eventually cools to stratospheric temperatures. The bomb 

cloud acts like a thunder-storm cloud, and copious quantities of 

water condense out and much of it precipitates out of the lower 

stratosphere and into the troposphere (Glasstone, 1964). The 

oxides of nit+ogen, especially No2 , coprecipitated NO and N02 , 

and HN0 3 , are highly soluble in water, and these would be expected 

. 90 
to be.washed cut of the stratosphere more strongly than Sr, 

14c, or tritium (that is, the highly soluble forms of NOx would 

be more thoroughly rained out than water itself). 

The injection of nitric oxide into the stratosphere is a much 

more complex problem than indicated above. The nature of some of 

the::c complications is given by further quotations from the 

memorandum by Bonner (1971): 

" ••• the only real data that emerged werethe NRL 

spectral measurements en fireballs in the 1953 series at 

NTS. These were summarized in LAMS 19 35 by De~li tt. 

"l) ·In LAMS 1935, DeWitt summarizes the data on 

NOx. The presence of NO is not observed, but N0 2 and HN0 2 

are observed. {The absence of NO is perhaps not surprising 

since there is about 20 times more ozone produced than 

N~2 • Ozone reacts rapidly with NO, so the presence of 

ozone almost automatically rules out NO.) 
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"For several shots of about 10 kt the light absorption 

by N0
2 

bands reached a maximum at about the time of the 

temperature minimum. The amount of No
2 

was equivalent 

to rou<;hly a 0.4 mm column of N0
2 

at standard c-::1ditions 
.~ 

(1 atm, 0°C) • II 

This quantity of NO observed spectroscopically is a factor of 
X 

8000 less than that calculated by Foley and Ruderman. It appears 

I that 'these observations discussed by Bonner ( 19 71) represent the 

NOx produced by the shock wave, not by freeze-out cooling of 

the rising fireball. The time of observation of maximum NO 
X 

appears to be after the shock wave has moved away but before the 

fireball has undergone significant mixing by air entrainment. 

The endothermic dissociation of air (including water) acts to 

reduce the temperature rise of the shock wave, which is a 

relatively minor direct source of nitric oxide from the nuclear 

bombs. 

Foley and Ruderman discuss the role of residual radioactivity 

from the bomb debris in forming and in destroying nitric oxide 

in the stratosphere. These effects are smaller than the thermal 

effects in the nitric oxide balance. Some ionic processes produce 

nitric oxide and some destroy nitric oxide. Although the~e are 

factors that tend to decrease the yield of NO (rainout, destruction 
X 

by fission products) , \'le regard it as a reasonable postulate that 

large nuclear bombs formed NOx in the atmosphere more or less 

within the range 

(6) 

~ I 
1 I 

-.::; ; 

.. I 
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According to tables given by Foley and Ruderman, the total 

nuclear bomb yield from 1952 to 1962 was 513 MT. Thus the 

total number of molecules of nitric oxide produced by nuclear 

bombs between,l952 and 1962 is expected to be between the limits 
i 

34 
NNO = (0.8- 5.l)xlO molecules (7) 

One American SST operating normally for one year would produce 

4.8xlo 31 molecules of NO. Thus the decade of bomb testing had. 

the average effect equivalent to the number of SST 

NSST (10 year average) = 18 to 103 ( 8) 

Alternatively it is as if SST-flights had started in 1952 and 

increased linearly until 1962 to. reach the total 

NSST (1962 max.) ~ 36 to 206 (9) 

and then all flights stopped. (The Concorde uses about one-third 

as much fuel as the proposed Jl.merican SST, and thus these figures 

~hould be multiplied by three for comparison 'l.'li th the Concorde) • 

In further discussions, these limits of Equation 6 aie referred 

to as the "minimum" and "maximum" yields; it is recognized that 

these are not absolute limits. This range of values gives. 

reasonable upper and lower limits, which should be examined for 
I 

observable consequencies on the ozone of the stratosphere. One 
. . I . 

should consider separately the short-term, local effects and the 

long-term, global effects. 
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SUORT-TERH, LOCAL EFFECTS 

Foley and Ruderman give equations for calculating the 

·expected height and size of the cloud following nuclear bomb 

tests in tropical areas. For a time 30 minutes afte~ detonation, 
i: 

the cloud sizes for 0.5, 5.0, and 50'megaton (MT) e.Xf.Jlosions 

are indicated by F~gure 1, which includes a standard ozone profile 

at 45° latitude. The overlap of the ozone profile and the 

stabilized bomb cloud is strongly dependent on the yield of 

the bomb. For a standard ozqne profile at the equator, t:h.is 

overlap is indicated by cross hatches in Figure 2. A borr.b of 

0.2 MT remains essentially within the tropical troposphere. A 

1 MT bomb overlaps the ozone profile in the lower stratosphere, 

but it does not reach the level of maximum ozone concentration. 

A 10 NT bomb overlaps the maxim~Ll ozone. A 58 HT bomb, on the 

other hand, goes far above the ozone maximum~ and it overlaps 

only a relatively small band of ozone. For short-term effects in 

the equatorial band, the maximum ozone reduction should be given by 

a 10 MT bomb, where a 65 percent overlap of the ozone column is 

indicated. With consideration of the finite rate of the catalytic 

destruction of ozone by NOx, one could expect approximately a 30 to 

50 per cent reductiOn of ozone within the bomb cloud during the 

. ' 
! 
i 

first week or two .of its existence. There would be a smaller effect ~ 

for both larger and smaller bombs. 

As the fireball cooled by radiation-emission, that radiation 

between 185 and 242 nm would dissociate oxygen and make ozone 

in a broad region surrounding the point of detonation. For bombs 

·,-: 
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fired well above the ground, this mechanism would form some ozone 

directly in the stratosphere, and for large bombs the artificial 

ozone layer would lie under the stabilized-cloud. This layer of 

ozone would act to confuse the information to be expected on 

the groun.d directly under a bomb cloud during its fir:"-~- few 

days of existence. We carried out a nurr~rical integration of 

the distribution of radiation from the cooling fireball of 

a 20 kiloton bomb, and the energy emitted as radiation between 

186 and 242 r.m was about one percent of the total energy of the 

bomb. 1\'e assurnc the.t this quan-:.ity scales linearly v.:rith bomb 

yield. In that case, the ar.1ount of ozone generated from ultrc-"'<

violct radiation in the Herzberg continuum would be 

(10) 

Thus about one third as_many molecules of ozone are produced as 

the upper limit estimate of nitric oxide production. This ozone 

'tiould not make a significant contribution to the total global 

amount, but it is 40 percent of the ozone column subtended by a 

30 minute old bomb cloud. Thus the ozone directly formed by 

radiation from the fireball is comparable to the maximum amount 

or ozone reduction expected in the newly stablized bomb cloud. 

The principal USSR atmospheric tests were at Novaya Zemlya 

at 7S 0 N. The largest tests were in late fall and winter so that 

there was little or no sunlight to support the photochemical 

reactions that destroy ozone. Ozone in the polar regions is 

formed in tropical and temperate zones and brought there by 

.transport. Thus the ozone reductions from the big USSR tests are 
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expected to be delayed until high latitude NO has time to be 

.moved into the temperate zones and the ozone formed there moved 

back to the polar region at a lower elevation. 

The size of a 30 minute old bon~ cloud is only o.bout 10-
4 

~ 
the area of the earth. Thus the chance of a given c:one station 

observing a young cloud is small. The ozone collar photochemically 

produced by the bomb itself would confuse the information anyhow. 

Winds would be expected to shear the bomb cloud and move sheets 

of it in different directions at different elevations. Once the 

cloud is sheared anc spread around the world at one latitude, the 

concentration of NO is reduced to such values that the effect 

of NO reduction of ozone is slow (months). Thus one should 

look for long term global effects of the nuclear bomb tests on 

stratospheric ozone, not for short-term local effects. 

LONG TEnM GLOBAL EFFECTS 

I 

When the nitric oxide yield equation, <ito l}xl0~ 2 YMT' is 

multiplied by the total explosion yields, especially over the 

periods 1952-54, 1957-58,· and 1961-62, one obtains large values 

for the quantity of nitric oxide produced by nuclear explosives 

and injected into the stratosphere, see Foley and Ruderman's 

Table 3 for the upper limit values. However, the distribution of 

NOx in the stratosphere is as important a variable as the quantity 

of NOx there (Johnston, 1971). For example, it was shown ·(Johnston, 

34 1971) that with a natural, non-uniform background of 8.6xlO 

molecules of NOx in the stratosphere, the addition of 4.4xlo 34 

i 

~.; i 
' 
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molecules of artificial NOx from supersonic transports could 

reduce a local (45° latitude) ozone shield anywhere between 3% 

and. 50%, depending on the distribution of the added NO • Foley 
X 

34 . 
and Ruderrnan gave 3xl0 molecules of NO as the upper limit 

X 

of lhe artificial increment of NO from the 1961-62 ;; 'lclear tests, 
X 

but they only looked for large effects on the ozone shield. As 

noted (Johnston, 1971),. the addition of 4.4xlo 34 molecules of NOx 

could reduce the ozone shield by only 3%· if it was distributed in 

one particular way. For the nitric oxide from nuclear bombs, it 

is necessary to consider the distribution of NO , not just the 
. X 

· amoun't. 

One aspect of tSe distribution is the elevation of the borr.b 

debris in the stratosphere. The catalytic destruction of ozone 

by nitric qxide 

NO + o3 
.... N02 + 02 (11) 

N0 2 + 0 .... NO + 0· 2 

net: 0+ 0 3 
-+ 02 + 02 

is a photochemical process; the formation of oxygen atoms is driven 

by solar radiation. The average concentration of oxygen atoms at 

45° latitude in the sw~~er varies approximately as: 10 4 molecules 

crn- 3 at 10 km; 105 at 15 km; 10 6 at 20 km; 10 7 at 26 km; 10 8 at 

· 35 km. Thus, the catalytic rate is 10 times faster at 20 km than 

at 15 km by virtue of the different oxygen atom concentration. 

Thus being "in the stratosphere" is only half the problem; the 

spread over elevation is an essential part of the problem. 
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Another essential aspect of the distribution of bomb-produced 

NOx in the stratosphere is the geographical location. Over 90 

per cent of the 1961-62 series (in terms of bomb yield) was 

conducted at the station at Novaya Zemlya at 75°N latitude. 

'l'hree-quarters of these tests were conducted in the (r..-:>nths 

September through December, just before or during the dark arctic 

winter. The NO catalyzed destruction of ozone is a photochemical 
X . 

process, which of course is inoperative during the polar night. 

Te~~gadas and List (1969) noted that radioactive debris is much 

more rapidly sT..vept out, of polar regions than tropical regions of 

the stratosphere, and a substa..<'1tial degree of removal of borr.b 

debris and NO surely occurred bet'tTeen deposition in the fall 
X 

and winter and the return of an active sun the next sununer. The 

NOx increment (0. 5 t.o 3} x1o 34 molecules from the 1961-62 tests must 

be examined in terms of its distribution (latitude and elevation) 

before any conclusion can be stated as to whether one should 

expect a large effect or a small effect on the ozone shield. 

During and after the 1961-62 bomb series, it appears that 

no one analyzed the stratosphere for nitric oxide, but very 

extensive analyses were made of stronti~~-90, excess carbon-14, 

and other radioactive products from the bombs (Glasstone, 1964; 

Te1egadas, 1967, 1971; Krey and Kajewski, 1971). According to 

Telegadas and List (1969), the particulate 90sr samples and the 

14 gaseous · C (excess) gave very nearly the same record of nuclear 

bomb clouds, and particulate settling was "insignificant on the 

time scale of a year or so". An extensive report sununarizing much 
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of these data was prepared by Seitz, Davidson, Friend, and 

Feely (1968). This report, is quoted here to illustrate 

several important points: 

I . 

"During the High Altitude Sampling Program and 

Project Stardust it often has been observ~d that 

interceptions of radioactive debris from specific tests 

did not substantiate the existence of a simple relation-

ship between distribution of the debris with height and 

yield ••• Debris from the highest yield test in the 1961 

.Soviet series was encountered ~n high concentrations at 

20 km by mid-1962. There was no evidence from balloon 

sampling program results that debris from this test ;ever 

reached higher than about 24 km .•• The basic premise, 

therefore, in assigning a vertic~l distribution of 

~aterial to the n~del injections, particularly the polar 

injections, was that radioactive material was vlhere you 

found it, and probably never \vas in regions which were 

sampled without finding it". 

The observed (Seitz ~- al, 1968) distributions of 
90

sr as 

a function of elevation and latitude for May...;August 1963 and for.· 

Jan.-April 1964 are given by Figure 3. The contours are in units 

of radioactive decompositions per minute per thousand standard 

(STP) cubic feet of air. The May-August 1963 record represents 

the maximum spread of 
90 . , . ·Sr at north temperate and trop~ca..L reg~ons. 

There is a one-to-one correspondence between 90sr dpm/1000 SCF 

and the mole fraction of NO • This correspondence arises as 
X 
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follows: one m~gacuric (3.7xlo 16 radioactive discntegrations 

per second) of 90sr is produced by 10 megatons of nuclear fission. 

In the 1961-62 series the ratio of total bomb yield to fission 

yield was 3. 3 (Seitz et al, 1968). ": 

90Sr + 
f 

1 MC 10 YMT + 33 YMT (12) ... 

"' I 

1) 33 x10 32 <t to NNO 

When numerical values are put in, one finds 

500 dpm/1000 SCF = (t to 1) ppb NO (13) 

where ppb is parts per billion (10 9 ) by volume. Thus the contour 

. f ' 90s . p· 3 f 1500 d /1000 SCF d o max1mum r 1n 1gure o pm · correspon s 

0.5 to 3 ppb of NO , and the map of 90sr in Figure 3 can be 
X 

transl.:1tcd to NO 
X 

distributions. 

to 

Profiles of the maximum NO inferred in this way are given 
X 

for 0, 30, and 60°N in Figure 4. It can be seen that very large 

amounts of NOx lie at low elevations and near polar latitudes, 

both factors·that minimize the effect of NO on ozone. It is 
X 

especially interesting to compare these NO distributions with 
X 

recently observed distributions of NO, N02 , a."ld HN03 in .the 

stratosphere, Figure 5. The NO from the nuclear bomb would be 

in the form of NO, No 2 , and HN0 3 , and thus the bomb yields of 

NO should be compared with the sum of NO, N02 , and HN0 3 • The 

maximum and minimum borrb-produced NOx is compared with the sum · 

of the average NOx reported by Ackerman (1972) and the HN0
3 

for 

November . as reported by Murcray !:! al (1973) in Figure 6. .The 

observed curve was extrapolated to low elevations at the value of 
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3 ppb, and it was extrapolated above 30 kilometers by fitting to 

the observed ozone profile there. The maximwn 45°N distribution 

is well below the natural backgrow1d. 

With the NO background shown in Figure 6 we calculated the 
X 

steady-state reduction of ozone by the NO increments from 
X 

nuclear bombs as inferred from the measured 90sr. A set of 31 

reactions including H20, o( 1D), HO, HOO, arid HN0
3 

'vere used in 

this steady-state calculation. The shortcomings of the steady-

state calculation are recognized, but in this application this 

method has the merit of probably ?roviding a.""l upper limit to the 

amount of reduction of ozone. The atmospheric mctions that 

complicate the use of this method would probably act to reduce 

the calculated effect. The calculated steady-state profiles 

. . . . (, 32 ) indicate that the nununum NO y~eld frcm bombs 6 x 10 YMT 

would have produced no more than a 1.2 per cent reduction of the 

ozone colum."'l, and the maximlli-n NO yield from bombs (1 X 1032 YMT) 

·would produce a steady-state reduction of no more than 6.3 per cent. 

In their examination of the ozone data of the world, Foley 

ru1d Ruden~an only looked for large effects, that is, effects 

directly and conspicuously larger than a five per cent change. 

On the basis of observed 90sr from the bombs, the linear relation 
90 . 

expected between Sr and NNO' and a steady-state analysis based· 

on the recently observed natural background of NOx (NO + N0 2 + HN0 3), 

we find the effect to be expected from the 1961-62 injections of NO 

from nuclear bombs is a matter of 1 to 6% in the temperate zone 

of the northern hemisphere. 
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If 3xlo 34 molecules of NO artificially introduced by nuclear 

bombs are expected to reduce the ozone column by no more than 

6 per cent, does this imply that artificial injections by supersonic 

transports are expected necessarily to have a small effect on 

ozone? We carried out the follm.ring computation (with the 

assistance of Dr. Purna Patniak) as the first of a series designed 

to give some insight into questions of this sort. We included O, 

H, and N chemistry with one dimensional vertical eddy diffusion. 

The natural NO in the stratosphere was generated by the nitrous 
X 

oxide mechanism (Crutzen, 1971; McElroy and MCConnell, 1971; 

Nicolet ana Vergison, 1971), Hhich was allowed to "operate" for 

30 years.. Then an artificial source of NO was added at 20 km. 

This artificial source corresponds to the normal operation of 

500 American SST at 45° latitude with a local traffic density 

t:hree ti.:nes the world average. The American SST was assigned 

an emission index of 14 g NO/kg fuel. The computation represented 

5 years of SST operation under the artificial condition of 

perpetual spring equinox. The distribution of solar radiation 

was recon~uted every day at the beginning of the calculation and 

every 100 days as the distributions approached a steady state. 

The steady operation of the SST produced a distribution of artificial 

NOx spread out over considerably higher elevations than was 

attained by the 1963 distribution of nuclear debris as is shown 

in Figure 7. Th~ SST distribution of NO, N0 2 , and HN0
3 

gave a 

substantially larger reduction of ozone than was given by the 

distribution of NO, .No2 , and HN0 3 from the nuclear bomb tests. 

... 

~ l 
I 
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Table 2. Calculated steady-state profiles of ozone without 

and with added NOx from nuclear bombs, compare 

Figure 6. 

Min. bomb max. bomb 
Latitude Natural 

A. 

60°N 

45°N 

30°N 

15°N 
oo 

B. 

60°N 

45°N 

30°N 

15°N 
oo 

c. 

60°N 

45°N 

30°N 

15°N 
oo 

. . * u1crement . t* J.ncremen · 

18 -2 Calculated ozone col 'tlnU1 in tmi ts of 10 molecules em 

4.50 

5.62 

6.40 

6.54 

6.22 

' Relative. ozone colurrm, 

100 

100 

100 

100 

100 

Percentage reduction 

.. 

4.46 

5.56 

6.33 

6.46 

6.18 

per cent 

99 

99 

99 

99 

99 

of ozone 

1.0 

1.1 

1.1 

1.2 

0.6 

4.30 

5.30 

6.05 

6.13 

6.00 

96 

94 

94 

94 

96 

4.4 

5.7 

5.4 

6.3 

3.5 

* Minimum and maximum bomb increments are the limiting values 

of the relation. 

NNO = Cf to l.O)xlo
32 

YMT molecules. 
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(This computation derived a vertical profile of NO that is only x· 

about half that of Figure 6, and thus direct comparisons between 

the reduction of ozone by the nuclear bombs and the SST cannot 

be made. However, we found with the one-dimensional vertical 

eddy diffusion !node! a 34% reduction of ozone by the SST flights 

as indicated by Figure 7. This figure is a preliminary one,· and 

it merely illustrate that large fleets of SST could have a large 

effect on ozone when vertical diffusion and H, N, 0 chemistry 

are considered.) 

. 90 14 The total stratospherlc burden of Sr and excess C from 

1950 to 1970 is given in Figure 8 (Glasstone, 1964; Telegadas, 

1967, 1971; Krey and Kajewski, 1971). The timing and magnitude 

of nuclear bomb testing is indicated on the figure. The global 

radioactive debris in the stratosphere Has high and irregul.:..r 

between 1954 and 1961. During the nuclear bomb testing moratorium 

during 1959-1961, there ·was only a slight decrease of 90sr or 

14c. The major test series in 1961-62 caused an increase of 14c 

to a value in early 1963 that was three times the previous peak 

(1959) and five times the minimum of 1961. It was 1970 before 

excess 14c returned to its 1961 value. The global inventory of 

90sr behaved similarly to 14c except that its long term decay was 

somewhat faster than that of 14c. The long-term behavior of 

stratospheric excess NOx from nuclear bombs, as inferred from 

Figure 8, is an irregular slow increase from 1952 to early 1963 

and a regular slow decrease from 1963 to 1970. The slow decrease 

of the gaseous 14c from 1963-70 indicates that any effect of 

artificial NOx from the 1952-62 bombs would require approximately 

10 years after ce,tssation of large scale testing in 1962 to be eliminate· 
I 

I 

:..or' 

'it· I 
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OZONE DATA.FOR THE WORLD 

There are about one hundred stations, distributed in an 

irregular pattern over the world, that make daily observations 

of the total ozone column, and these data have been published 

since 1960 as Ozone Data.for the \hrld (ODW) by the Canadian 

Department of Transport. Two such stations, Moscow and Messina, 

are given by Figure 9. Approximately two-thirds of the stations 

of the world use the Dobson ozone instrument, a double quartz 

prism monochromator that measures the ratio of sunlight at pairs 

of wavelengths; and one-third of the stations use the Gustin 

filter ozonometer that ~easures the ratio of sunlight ·throug~ a 

pair of filters (Bojkov, 1969). The Dobson instrument has 
0 

relatively narrow spread in each wavelength band, 9 to 19 A, 
0 

and a separation of 200 A. The Gustin meter has a ·..:ider \'lavelcngth 

spread, 480 to 590 A, and a separation bet>-leen center of 550 f.. 

It has been fotu'1d by an extended side-by-side comparison of a 

Gustin and a Dobson meter that the filter instru.'11ent reports ozone 

systematically higher (up to 20 to 30 percent) than the prism 

ro.eter at low solar angles (winte:t} and lower (about 6 percent) for 

nearly overhead sun (summer). The filter meter overestimates 

ozone (relative to the Dobson meter) under hazy conditions. Also, 

on a side-by-side, minute-to-minute compar,ison the filter meter 

gave a standard deviation of readings about five times as great 

as the Dobson meter (Bojkov, 1969). 

The data from Moscow in Figure 9 were taken by the Gustin 

instrument and that from 1'-1essina by the Dobson method. Both 

stations show the usual maximum of ozone in the late winter and 
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early spring months and the minimum of ozone in the autumn 

months. However, the amplitude between maximum and minimum 

is much greater for Moscow (filter instrument) than for Messina 

(Dobson instrument). tve found the standard deviation of all of 

the daily readings from HoscO'd to be 15.0% about the current 

seasonal average and that for Messina to be 7.8%. For a given 

station the average readings and the average trends over lo~g 

periods of time have a certain validity for each method, but these 

considerations indicate that the pooling of data from stations 

using the t"vvo methods presents difficulties. 

At a given oLscrving station of total ozone, the1:e is a 

substantial variation from day to day as illustrated by data 

(Dobson instrument) from Aspendale, Australia, Figure 10. There 

are systematic, rather well understood annual ~·:i th a 

peak in the early spr~ng and a minim~~ in the fall, illustrated 

both in Figures 9 and 10. There are "quasi-biennial" variations 

of temperature, tropopause height, and total ozone colunn at a 

given location (Hamanathan, 1963; Angell and Korshover, 1964) 

although the phases_of these oscillations vary over th~ globe. 

The biennial oscillations were particularly strong at Aspendale 

(1955-1963, although they ceased after 1963). There is a long 

record of discussion about whether or not the ozone data show 

a correlation with the sunspot cycle (Paetzold, 1972; London 

and Oltans, 1972}. 

With a large day~to-day noise, a large seasonal variation, 

a sometimes-present-sometimes-absent biennial oscillation, and 

perhaps an eleven year cycle, it is extremely difficult to prove 
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or disprove a small systematic change of the ozone level, such 

as the fev; percent decrease expected from the nuclear bomb model 

(with maximum NO input) from 1952 to 1962 and the few p~r cent 

increase expected after 1963. Pittock (1971)-analyzed the detailed 

data at Aspendale, and by using the two-sided Students' t-test 

he calculated how many years (N) of observations would be required 

to establish or disprove (at the 95 per cent confidence level) 

the occurence of a real trend of magnitude b per cent per decade. 

His results are reproduced as Figure 11. Note that if there were 

a real increase or decrease of ozone at the rate of 30% per decade, 

it would require three years of observation to establish the 

trend with a 95% confidence level if one has the noise spectrum 

given by the observed ozone data at Aspcndale. An extrapolation 

of Pittock's curve indic~tes that it would take alrr~st 2 years 

to establish the presence of a real trend of 10 per cent per year. 

Foley and Ruderman pres en ted grapi1s of total ozone from 

five stations for the period 1960 and 1964 with omv, and they reported 

that they saw no large effects ~o be correlated with nuclear bomb 

tests. These graphs are analogous to these given by Figures 9 and 

10, and any possible systematic trend is superimposed on the 

strong seasonal variations. Pittock showed that it requires a 

careful statistical analysis with five years of observation to 

establish a trend of 20 per cent per decade to the 95 per cent 

confidence level. A visual inspection .of the raw data is indequate 

to detect small effects such as those expected from the bomb tests. 

It is necessary to factor out the seasonal variations in order to 

detect real, long term, global trends of the expected size from the 

N~x input from nuclear bomb tests. 
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A method of factoring out the seasonal trends has been 

presented by Korrhyr et al (1971). They analyzed ozone data of 

the world for the time interval 1961-70 (inclusive) for 10 

st.ations. They cval ua ted the "mean monthly total ozone deviations 

from monthly nor::-.J.ls, based on the periods of record ... The ozone 

trend lines [line<:r change with time] were fitted to the data 

by the least squares method". Table 3 reproduces their results, 

and in Table 3 the error range is two standard deviations.(2cr) 

or three times t.he computed probable error. The seven stations 

shmv a linear increase in ozone bet<.veen 2. 4 and 10. 0 per cent 

per decade, well within the 95 per cent confidence level (2cr). 

We have adopted the method of Kcmhyr ~ al (1971), with one 

extension, to examine all the total-ozone data in .the published 

volumes of Ozone Data for the World {1960-70). ::'or the stations 

considered by Komhyr et al ozone was obser-... ·ed at least 25 days 

per month in almost every case. In.considering all the data from 

all stations, there are some cases where ozone was observed only 

once or twice a month. In our extension of Kornhyr's method, we 

\'lCighted the rr.onthly nea'1s by the number of observations made 

that month. 

In pooling data fro:r.t stations at different geographical locations 

and with different instruments, there is considerable uncertainty 

as to how to proceed. One could represent different zones of the 

earth by the stations there and attempt to present a global average 

of some sort, but the stations are so sparse in the tropical zone 

and the southern hemisphere that the expected error of estimate 

' ~· i 
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Table 3. Surrunary of data analyses by Komhyr et al (1971) 

Station 

Hua:ncayo, Peru 

Kodaikanal, India 

Mauna Loa, HavJaii 

Brisbane, Australia 

Nashville, USA 

Arosa, Sv;i tzcrl.::!1d 

Oxford, England 

Mean o3 
m-atm-cm 

262 

257 

276 

289 

332 

333 

354 

% increase per decade 

(1961-70) 

6. 0 ±1. 2 

10. 0 ±1. 2 

2. 4 ±1. 8 

6. 6 ±1. 8 

8. 8 ±2 .1 

4.1 ±3. 0 

8. 9 ±3. 0 
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for some parts of the world would be much greater than for other 

parts. We chose to combine different stations not in terms of 

geography but in terms of weighting factors based on the standard 

deviation of the day-by-day readings at each station. We used 

the reciprocal of the square of the standard deviation as the 

weighting factor. This method suppresses the contribution from 

stations that covered a short time span, that had few observations, 

or that had a large scatter of points. The averages we give may 

not be interpreted as a "global average", rather they are "weighted 

average" of all the stations in the world. 

In agreement \vit!-1 Komhyr et al (1971), we find a statistically 

significant (5.1±1.2%) increase in ozone for the period 1961-70 

for the error-weignted average from 93 stations with 169,000 

observation-Qays. We considered the increase of all stations for 

various time spans, 1960-70, 1961-70, 1962-70, etc. These are 

listed in Table 4. The last column gives the percentage increase 

in ozone over the various time intervals. In view of the time 

of resumption of nuclear tests (1961), it is suggestive to n0te 

that the average increase of ozone for the period 1961-70 was 

greater than.the increase from 1960-70. However, such comparisons 

are complicated by the different number of stations in the various ~or 

periods. 

As can be seen from Figure 3, rrDst of the nuclear borrb debris 

was in the n~rthern hemisphere. We made a comparison bet\veen the 

weighted average ozone record in the northern hemisphere and the 

southern hemisphere, and also stations above 50°N latitude were 

averaged together, Table 5. This pooling of data from different 
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Table 4. Weighted average changes of ozone for various time 

intervals, b is rate of increase of ozone percent 

per decade. 

Time period Stations Observation b 2o Percent Years 
increase over days 

time period 

1960-70 11 93 178,000 4.5 1.2 4.9 

1961-70 10 93 169,000 5.1 1.2 5.1 

1962-70 9 92 159,000 4.8 1.3 4.3 

1963-70 8 89 147,000 4.6 1.4 3. 7. 

1964-70 7 89 132,000 4.9 1.6 3.4 

1965-70 6 86 111,000 4.6 2. 0 . 2.8 
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Table 5. Geographical variation of ozone changes for the two 

time intervals 1960-62 (inclusive), 1963-70. 

Latitude 

50N-90N 

0-90N 

0-90S 

All 
Stations 

C;a'~=== 

Time 
period 

1960-62 

1963-70 

1960~70 

1960-62 

1963-70 

1960-70 

1960-62 

1963-70 

1960-70 

1960-62 

196 3-70 

1960-70 

==v===-- . 

% increase 
per decade 

-12.6 

+7.6 

+6.5 

-7.6 

+5.6 

+5.3 

-3.6 

-1.2 

+0.2 

-7.1 

4.6 

4.5 

2o 

10.6 

3.2 

2.4 

7.0 

1.5 

1.2 

18.8 

3.1 

2.3 

6.5 

1.4 

1.2 

No. of 
stations 

20 

28 

29 

42. 

74 

76 

9 

15 

17 

51 

89 

93 

No. of 
meas. 
days 

11,000 

47,000 

57,000 

28,000 

129,000 

156,000 

4,200 

19,000 

23,000 

32,000 

147,000 

178,000 

• 1 

'' ; j 

w. 
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stations was weighted by the reciprocal of the square of the 

standard deviation of the daily readings. It gives the properly 

weighted average value for all the stations within the stated 

geoCJraphical boundaries; it docs not try to give equal weight 

to equal sized geographical areas (the uneven distribution of 

the stations, and the difference in standard error between filter 

and prism~instruments make it very difficult to carry out such 

·a treatment). Table. 5 shows no significant change in stratospheric 

ozone in the southern hemisphere over the time interval 1960-71. 

In the northern hemisphere, there is a decrease 

of ozone beb1een 1960-62 (inclusive), the nominal c::-.anse is 

-7.6±7.0% per decade. The trend {-7.6%} is greater than twice 

the standard deviation (7. 0) by a small amount. It is recognized 

that biennial cycles could greatly distort three-year trends. 

The point to be made is that if the ozone data for 1960, 1961, 

1962 show any trend at all, it is a decrease. On the other hand, 

the increases for the period 1963-70 {inclusive) are much larger 

than twice the standard deviation. There was a larger increase 

(+7.6±2% per decade) for the average of 28 stations located north 

of 50°N latitude than for the average of 74 stations in the 

northern hemisphere {+5.6±1.5% per decade). This difference is 

. . d' 'b . + 90 . cons1stent wi~th the 1str1 ut1ons OJ.. Sr, F1gure 3. 

As an alternative to averaging the vari.ous stations, one 

may look at the records of each andevery individual station~ 

A plot of monthly deviations (Komhyr method) against time, from 

1960-1970 inclusive, f6r all stations is given in the appendix. 

The ~~ots are organized in terms of latitude, starting at the 
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north pole and moving·to the south pole. Certain general comments 

can be made. The noisy pattern of the filter instrument is obvious 

simply by inspection. There are several patterns visible to the 

eye: (1) an incre~se of ozone over essentially the entire period, 

for example, Did: son Island, Lerwi ck, Leningrad, Sverdlovsk, 

Oxford; Irkutsk, Kiev, Hradek Kralovc, Cagliari-Elmas, Nashville, 

Kagoshima, New Delhi, Kodaikanal; (2) essentially constant 

ozone (within a noise pattern) over the interval, for example, 

Resolute, Reykjavik, Negaevo, Edmonton, Goose Bay, Caribou, 

Bismark, Arosa, Toronto, Green Bay, Vladivostok, Sapporo, Vigna 

di Valle, Naples, 'I' a teno, Dum Dum, Brisbane, Aspendule, l-1acquarie 

Island; (3) decreasing ozone_, for example, Val-Joyeux, Magny-les·

Hameaux, Abustumani, Hirniy, Halley Bay; (4) high ozone in early 

1960's, low ozone in mid-1960's, and high in late 1960's, for 

example, .Aarhus,Murmansk, Ya~utsk, Riga, Moscow, Kuibyshev, 

Mont-·Louis, Al!i1a .2\.ta, Nessina, Port-au.~-Francaise. Oxford (increase) 

Arosa (constant), Val.:..Joyeaux (decrease), and Messina (miniml1r.l in 

mid-1960's) are all in the European temperate zone, and each used 

the Dobson instrument. This variety of patterns shown by individual 

stations indicates that no general conclusions can be drawn f=om 

the results of any single station or from a small number of stations. 

During the years 1960-62, there were 30 ozone-observing 

stations that measured total ozone during at least 30 out of 

36 months. These stations are entered in 'l'able 6. At 23 out of 

30 stations, ozone decreased during the years 1960, 61, 62, and it 

increased at only 7 stations. The average change per decade is 

-10.8 per cent. Of the 30 stations in Table 6, 27 of them had 

... , 
I 

·iY l 

' . ' 
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Table 6. Stations with at least 30 months of observation in 

the period 1960:..62, and in 1963-70 (k, ozone increase 

per d~cade; percent) 

Station 

Aarhus, Denmark 
Abus tam;m i ~ USSR 
Ahmedabad, India 
Alma Ata, USSR 
Arosa, Switzerland 
Aspendale, Aust. 
Brisbane, Aust. 
Camborne, U.K. 
Cagliari-Elmas, Italy 
Edmonton, Canada 
Eskdalemuis, U.X. 
Fort Collins, U.S.A. 
Kagoshima, Japan 
Karadag, USSR 
Kiev, USSR 
Kodaikanal, India 
Leningrad, USSR 
Le nV' i ck , u. K • 
Marcus Is., Japa~ 
Messina, Italy 
New Delhi., India 
Oxford, U.K. 
Port-Aux-Fra'l.caise 
Quetta, Pakistan 
Resolute, Canada 
Sapporo, Japan 
Tateno, Japan 
Toronto, Canada 
Tromso, Norway 
Vigna di Valle, Italy 

A~erage per decad~ % 

% in interval 

1960-62 (inclusive) 

Months b 
of obs. 

36 -12. 7 
35 -36.1 
36 +12.3 
30 -9.1 
36 -5.8 
36 -3.7 
36 -4.3 
36 -.11.8. 
36 -3. 4 
36 -16.0 
36 -32.8 
31 -5.8 
36 +55.9 
31 .;;..89.3 
31 -11.4 
36 .:...o.6 
30 -7.0 
36 -26.7 
.36 -38.8. 
36 -32.5 
36 +15.0 
36 -18.2 
30 +2.0 
36 -7.0 
35 -32.1 
36 +1.0 
36 +10.7 
36 -11.6 
30 +11.1 
36 -15.2 

--10. 8 

-.3. 3 

2CJ 

14.9 
34.0 
11.3 
23.5 
18.4 
17.7 
11.7 
19.2 
12.5 
13.6 
23.3 
9.6 

19.3 
22.6 
29.8 

8.4 
29.3 
15.9 
16.1 
11.3 
16.1 
17.9 
24.8 
17.0 
19.1 
16.6 
16.7 
18.8 
31.0 
14.6 

Months 
of obs. 

b 

92 
29 1 

82 
91 
90 
92 
92 
38 
92 
92 
7 
36 
92 
36 
92 
90 
84 
79 
6 
92 
92 
92 
70 
37 
83 
92 
92 
88 
64 
90 

-8.9 

+8. 0 
+25 .• 9 
+4.6 
-4.3 
+1.2 
+17.2 
+13.5 
+3.3 

+18.0 
0 .o 

+6.9 
+9.5 
+12.4 
+12.8 
+7.5 

+8. 2 
-5.6 
+6.8 
+29.0 
+4.5 
+4.1 
+4.1 
-0.9 
+1.7 
+10.6 
+4.1 

+7.2 

+5.8 

7.6 

3.7 
11.5 
5.0 
2.4 
2.4 
9.2 
4.2 
4.3 

12.8 
4.8· 

37.4 
8.4 
1.9 
8.4 
4.7 

3.2 
3.3. 
4.5 

19.0 
10.1 
6.2 
3.2 
4.2 
4.4 
7.8 
4.4 
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at least 30 months of observations (20 had over 80 months of 

observations) between 1963 and 1970. Of these 27 stations, 22 

showed an increase in ozone. Of these 27 stations, two thirds 

6f them showed both a decrease between 1960-62 ~nd an increase 

1963-70. The average increase for these stations is 7.2 per 

cent per decade. Generally speaking, the three-year (1960-62) 

trends in Table 6 are not statistically significant as shown 

by the standard deviation of the data. In addition, such a short 

period could be part of a quasi-biennial cycle, and the trend 

could arise largely from a portion of such a cycle or from any 

longer term trend. 

On the other hand, the increase of ozone from 1963-1970 

appears to be a real effect. The i·ieighted average (Table 4) 

of all the Ozone Data for the World gives an increase of o.bout 

4 or 5 percent. The individual stations in Table 6 show an increase 

usually larger than 2 standard deviations. The reason for this 

pronounced increase is not.apparent, and it must be regarded as 

unknown. However, the following is a plausible working hypothesis, 

which may provide the explanation for this trend: Large scale 

nuclear testing occurred bet\'1een 1952 and 1962 and then stopped • 

. The 14c and 90sr built up in an irregular manner betv1een 1952 a:1d 

1963 and then dropped back to 1953 levels by 1968 {Figure 8). The 

expected steady-state reduction of ozone by the 1963 distribution 

of NOx from the nuclear bombs is between 1 and 6% (Table 2). 

The expected response (Figure 8) of stratospheric ozone to these 

perturbations would be constancy before 1950, an irregular decrease 
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of a few per cent between 1952 and 1963, and a slow steady increase 

of a few percent from 1963 to 1970. There were only three ozone-

observing sta:tions (Tromso, Oxford, and Arosa) · with records from 

before 1950 up to 1970 (Angell and Korshover, 1964; ODW). These 

few stations arc inadequate to establish the pattern before 1950. 

Bet\veen 1950 and 1956 ten moi:e long-term stations were established, 

and between 1957-59' another ten stations ~ere started. During 

the 1960's there were about 90 stations with extensive ozone data 

(see the appendix) , and there appears to have been a real 

systematic increase of ozone during this period. It is a reasonable 

hypothesis th~t the increase of ozone between 1963 and 1970 is 

the st.ratosphere of the earth returning to normal after the 

addition of nitric oxide by nuclear bombs in the period 1952-62. 
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TITLES TO FIGURES 

Fig. 1. Elevation and dimension of nuclear bomb clouds 30 

minutes after detona~ion according to formulas by 

Foley and Ruderr:w.n. A standard ozone profile at 45° 

latitud8 is shown. 

Fig. 2. Overlap of standard tropical ozone profile with bomb 

clouds 20 minutes after d8tonation. 

Fig. 3. Stratospheric distribution of strontium-90 based on 
I 
i 

the Atomic Energy Commission sampling program: (a} 

May-August, 1963; (b) Jan.-Apr. 1964. Contour lines 

are in tmits of observed decc~positions per minute 

(dpm) per thousand standard cubic feet of air (SCF). 

Fig. 4. Maximum bomb-produced NOx (NO + N0 2 + HN0 3 ) at three 

latitudes as deduced from Fig. 3 with the relation 

500 dpm/1000 SCF = <ito 1} ppb NOx. The contour lines. 

arc based on the upper limit. 

Fig. 5. Observed values of natural NOx in the stratosphere. I 
.J. I 

NO and N02 , measured as easily ionized species; ~, 

No2 at sunset, equals total NO+No2 , infrared absorption 

spectrum from balloons; continuous curves, HN0 3 , 

infrared obserVation from balloons. 

Fig. 6. Comparison of natural (Fig~ 5) and bomb-produced NOx at 

45° latitude as deduced from Fig. 3 with the relations: 

for minimum NO ; 1 ppb corresponds to 3000 dpin/1000 SCF 
X . 

of 90sr; for maximum NO 1 1 ppb corresponds to 500 dpm/1000 
X 

90 
SCF of Sr. The "observed background" is the sum of HN0 3 

for Nov. (Fig. 5) and the central point in the error bar 

for NO+ ~02 by Ackerman and Muller (Fig. 5). 
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Fig. 7. 
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A distribution of NO 
X 

(NO + N0
2 

+ ~IN0 3 } f'rom 500 American-
' . . 

type SST at a·. region of high traffic (three times the 

world-wide average) calculated from a model of one

dimensional vertical eddy diffusion; the estimated maximu:n anC:: 

minimum distribution NOx from nuclear bombs at 45°N 

(Fig. 6). 
. . 

l.,ig. 8. The varlation with time of total stratospheric inventory 

of strontium-90·and carbon-14, with periods and yields 

(MT} of nuclear expiosives. 

Fig. 9. Total ozone colunms at Moscow and at Messina. 

Fig. 10. Tot<:Ll ozone columns at 2\spcnd.ale shm"ing daily 

fluctuations and se.asonal variations. 

Fig. 11. Graph showing the number of years N of observation required 

to determine a trend b (% ozone change per decade) to 

the 95% confidence level at Aspendale, Australia 

(Pit to ck , 19 7 2 } • 
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APPENDIX 

Figs. 12-16. Contour maps of zonal average, excess carbon 14 in 

the strato~phere in w1its of 10 5 atoms of carbon-14 

per gram of air. 

rigs. 17-35. 1-1o~-1thly deviations of total ozone colu.'1U1 for all 

stations in ODH (1960-1970). The stations arc listed 

in order of latitude from 90°N to 90°S. 
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r-----------------LEGALNOTICE------------------~ 

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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