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SUMMARY

Here we comp ile a catalog of time—dependent natural and

a n t h r o p o g e n ic sources  of N O ,  HO , and C1X during the time fraroe

1955—1975 as well as o the r  t i m e — d e p e n d e n t  p e r t u r b a t i o n s  t h a t  : :o12d
be expected to give rise to time variations of total ozone other

than the diurnal and seasonal fluctuations. Factors considered

i n c l u d e  a t m o s p h e r i c  n u c l e a r  exp los ions , haloca rbons , v o l c a n i c
e r u p t i o n s , solar  an d galact ic co sm ic rays , industrially fixed
n it rogen , solar ultrav iolet (UT), and atmospher ic motions. The

catalog, presents atmospheric or stratospheric inputs as a function

of’ time and latitude , to prov ide an appropriate input for t w o —

dimensional computer models so that one can establish how well

the existing , models explain the actual ozone record .

Figure S—i lists , in schematic form , the major sources con-

sidered , and Table S— i scales the injections due to each so:rr’c -c

in terms of the ambient stratospheric loading of NO , HO , and

C1X (see Appendix A).

In terms of current (1977—1978) ideas of stratosrchoric

photochemistry , which suggest that the relative importance of

C1X as against NO injections on ozone is greater than was

thought in 19714—1 975, the effects of halocarbon emissions , ex-

plos ive volcanic eruptions , and atmospheric nuclear ex plosions

will be most important , wi th  smaller e f f e c t s  due to cosm ic r ays
and to nitrogen fixation. This refers to the injection of

chemical species into the stratosphere , but the b iggest single
effect on stratospheric ozone may well arise from the variation

of solar UV irradiance with the 11—year sunspot cycle. However ,

the interaction between NO~~ HO
x
) and C1X species in the atmosl”here ,

S-i
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as v e i l  - is r a d i ut i en  and dynamics is recoNn~ zed as
-~nc. ~nus oi l  et’f’ects should be ccno~~’~or-e-~ tc~ other .

iJcr the convenience or’ the re’i~ -~r’, the work ~ s

the results are presenten in two levels of octaL,. The

f’ti’st level , wh ich  inc ludes  rec’ciam-rric ati-ons for  i n p - s t r  d u e  t o
specific ~our~ e~~, is given in P - c t i c - f l  2 , f o l l o w e d  t y  a
s i en  in Sec t ion  3 of some other factor’s tiiat mae so ,

~q :.r~ not ,

c u particular , of changes in solar J1 irr-adiance w i t h  su n sp o t
number (see Section 3.1), but which have not teen considered

as much detail as the other i t e m s . D e t ai l e d  rev iews  of t h e
r i op r o p r i a t e  s t r a t o s p h e r i c  or a tm o s p h e r i c  in l e ct i on s  between lTh-

and 1975 are given as Appendices H (atmospheric nuclear- exri :—

c~~o n s ) ,  C (h a l o c a r b o n s ) ,  C ( v o l c a n i c  er’upcinn~~) ,  Ii (cosmic r’ces~~,

~nd F (nitrogen fixation). Appendix k provides estimates of

stratospheric burder ,s of the various trace species of i n te re s t ,

~. o provide a crude indication of the  r e l a t i v e  sL~n~~f i c a n ce  of

t h s  va r ious  p e r t u r b i n g  s o u r c e s .

S— 1 4
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1 . INTRODUCTION

It is known that stratospheric ozone is destroyed by a

v ar i e t y  of c a t a l y t i c  r eac t i on  cyc les  invo lv ing  oxides  of nitro-

gen (“NO ” = NO + NO
2 

+ ...) ,  oxides of hydrogen (“HO ” =

OH + HO 2 
+ • . .) ,  and chlor ine species (“Clx” = Cl + 010 + h i

+ C1O No2), also bromine , “BrX ,” and poss ibly also other spec’~es.
The stratospherIc concentrations of ozone , DO , ~~~~ and O lX ,

are affected by a variety of natural and anthropogenic sources

such as solar UV , solar and galact ic cosmic rays , volcan ic

erupt ions , atmos pher ic nuclear  ex p los ions , halocar bons , and

(industrially and naturally) fixed nitrogen. Other ceophys ioal

f a c t o r s , such as possible variations in stratospheric tenp- r—

ature and in stratospheric motions may also affect strot (,spk.eric

ozone . Because of the interaction of the NO , HO , and C ixx x
species with one another , as well as with ozone , with radlatiLr,

and dynamics it is necessary to incorporate all these factors

simultaneously in a photochem ical/dynam~ c computer mo del to eval-

uate the total effect.

There exist data on ozone as a funct ion of altitude , lat i-
tude , and time with moderately adequate global coverage since
the in id—l950’s, by which time a global network of some ~5 to 9)
Dobson spectrophotometers and M— 83 filter photometers had teen

established ; since the 1970 launch of Nimbus IV , there have

been extens ive  satellite measurements which will provide a
more detailed and fine—grained record once the data are call—

brated and reduced so that they fit into the long—term record .

1— 1 
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Lon~- --term p loho l trends of total ozone ha-ic been evaluate d

by c n u m b er  of worker ’ s , in particular by Komhyr et al. (1971) ,

J o h n s t o n  cc a l .  ( 19 7 3 ) ,  London and Ke l l ey  ( 19 7 14 ) ;  see in  pa r t i c -

u la r  A n g el l  and Korshov or ’  ( 197 3 ,  197 6 , 1978) and work r e f e ren c e d
t h er e i n , a lso  the  de t a i l ed  a t l a s  of London et a l .  ( 1 9 7 6 ) .  An~~el1
and Korshover (1978) find a significant 5 percent increase ir.

total ozone in the Northern Hemisphere between 1960 and 1~ 70,

a marginally significant change thereafter. In the Southern

hemisphere , there appeared to be a 2 percent increase in total

ozone between 1960 and 1968, and a 1 percent decrease thereafter;

see Fig. 1.1, which demonstrates both the temporal variations and

also the error bounds in total ozone data. The other workers

f ind comparable  e f f e c t s .

All these measurement s use the strong Hart ley—Huggins ab-

sorpt ion of ozone below 300 nm, Angione et al. (1976) have

analyzed astronom ical records in the Smithsonian astrophysical

observat ion program between 1912 and 1950 which cover the weak

Chappuis absorption of ozone in the 500— to 700—nm band . There

appear to be some long—term variations , but  it ~s not ap parent
that an y  inference on global trends can be made prior to 1955.

Reference should be made here to the very careful analysis of

the ozone record at Arosa from 1926 to 1971 by Birrer (l974),

who finds at this single station that trend values decrease

with increasing periods of observation and raises warnings

against inferring trends from an inadequate period of observations.

The bas ic reason for  compi ling th is catalog is to provide a
c h e c k — c a s e  for two—dimensional photochemical models of the
s t r a t o s p h e r e , to see how well a given model can r ep roduce  the

time—dependent ozone data. Because of this emphasis on time—

vacintions in ozone (on a scale greater than several months),

steady—state sources , such as the  con t inuous  na tura l  inject ions
of’ ULi O) chloro— and bromocarbons from the blosphere , as well  as
the sten dy—state production of HO arising from natural water

1—2
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Source: Ange l l and Korshover 0 1978
FI GURE 1 .1 . Temporal Variation in Total 9zo ne , Ex p resse d as a p ercen tag e

Devi ation from the M ean for Northern and Southern Hemispheres
and the World. The annual oscillation has been eliminated and
t h e d ata smoothed by app lication of a 1-2 -1 smoo thing twice to
successive seasonal values (last data are the northern summer
of 197 6 ) . The verti cal bars re p resent confidence limi ts s u c h
that there is about a 5 percent chance that the true value of
the mean l ies outsi de the vertical exten t of these bars . The
ver tical arrows indicate the time of quasi—biennial west wind
maximum a t 50 mbar (21 km) in the tropics.
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t r a n s p o r t  in to  the  s t r a to sphe re  are not cons idered  he r e .  yor  an
overa l l  r ev iew of these  problems , see , for  i n s t an c e , N a t i o n a l
Academy of Sciences (1976 , 1977), Hudson (1977), and Oliver et al.
(1977).
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2 . RECOMMENDED I N J E C T I O N S

2.1 I N T R O D U C T I O N

This section consists of a list 01’ inputs for two— di c€- n—

sional photochemical/dynamica l computer models , extracte d from

the detailed discussions listed in Appendices B to F. Thus , an
expla nation for the choice of numerical values recommended here

is diven in the appropriate appendices.

2.2 A T M O S P H E R I C  NUCLEAR E X P L O S I O N S

Table 2.1 (Table B—12 of Appendix B) lists estimates of

stratospheric injections of NO due to past atmosoheric nuclearx -
~~~~ex p los ions . The NO

~ 
injection rate used here is 1.0 x 10

molecu l e s/Mt  y ield , as against a best estimate range of (0.L’+ —

1.5) o~ ( 0 .6 — 1 . 1) ,  x 1ü 32 molecules/Mt (see Table 3-1 of

A u n e n d i x  B ) .  The l a t i t u d e  of given i n j e c t i o n s  may be found  in
Table 2 . 2  (Table  3—6 of Appendix B). The distribution of in-

jection heights as a function of yield and latitude come s from

Fig. E-5 of Appendix B; within each giver ,  altitude range the dis-
tribution of Table 2.3 (Table B—2  of Appendix B) is suggested.

Note that submegatcr yield explosions are not considered

(see Sect ion B.5 of Appendix B), an d the In ject ion of H 5C and of
0
3 

is unlikely to be of critical importance in the present con-

text (see Sect ion B.t of Append ix B). Also , detra inment is not

spec ifically taken into account (see Section B.3 of Appendix B);

its effect would be to reduce the effective injection rate of

per Nt , but the  quantitative change is unl ikely to be sig-
nificant in the context of other  uncertainties.
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T A B L E  2—2 . TEST SITES

U . S . A .

Eniwetok (EN) 1 1° N , 162 ° E
B i k i n i  (BK) 11 ° N . 165 ° E
C hristmas Island (X I) 2° N , 157 ° ‘vJ
J ohns ton I s l a n d  (Ji) 17° N , 169 ° W

U . S . S . R .

Nova ya Zem l ya/Arctic (NZ) 75° N , 5 50  E
Si beria 52° N , 78° E
Semi p a l a t i n s k  (SP) 50° N , 80° E

U . K .

C h r i s tmas I s l a n d  (XI) 2° N , 157 ° W
FRANCE

Cen tre d E x p e r i m e n t a t i o n  du 21 ° S , 137 ° W
Paci f i q u e  (CE P), Tuamotu
A rch i  p e la g o

C H I N A
Lo p Nor (LN) 40° N , 90° E

T A B L E  2 — 3 .  I N I T I A L  V E R T I C A L  D I S T R I B U T I O N  OF R A D I O A C T I V I T Y
OR NO

~ 
A S S U M E D  W I T H I N  “M U S H R O O M  C A P ’

La y er , Fraction of
“Mushroom Cap ” Percentage of A c t i v i t y

(from base to top ) W i t h i n  L~ yer

O - ~~~ 1

1 2 147 — 7

2 3 25

3 4
7 7 25

~ 157 7
5 6
7 — 

7 
15

6 7
5

Source :  Pe te rson , 1970
2_,Ls
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~ . 3  rIA LOCAR B O N S

‘0 , , SPh:’SO 2 ~ S i j o C t  or ’ r at e s  no r -  ,-;“:ar for finorocarbons 11

~ c , )  , 12 ‘ 2 ’~~’2 ~ 
3~1d ~~ (CHF’ _ o O l )  are listed is; Table 2.~

( ‘“ s: ’ 1 . : ’2 — 2 ~~~~
‘ 1i~~ oad~~x C ) ,  and r e lea se  r a t e s  of va r ious  ch l o rn —

oi ive p Th Table  2 . 5  ( f r o m  Tab les  2 — 3 ,  2 — ~4 , ar id 2—5 of

s-~’ : 1 o : s j y .  C ) .  j’no~~e as ’s ’ all i-round—level injections; for the

l at f t ’o:s ~ s- ar ose  of ln :ect io ri , we suggest Option I, with Option
0 as p -. sec . ’n das -y  a l t e r n a tI ve :

‘J o t l o n  I Op t i o n  II

5 0 — 6 0 °  N 5% 3 0 — 5 5 °  N 96 %
30—5 0° 0 3 57

3 5 . 0  N— 30° S 2% 3Q ~~~~~ 4 Q 0  5 14%

3C— ~4O° S 3%

w h er e  ~.h e  e:25:sso’oS’i should be distributed uniformly within each

r e l e v a n t  l a t i tu d e b and .

A u s ’j n v  t he  t i ne  per iod  of i n t e r e s t  here , the  a n t h r o p o g e nic
r e l e a s e  of’ bro’-~ :carb c s” s is sc small relative to the natural pro—

. J ac t i o n  t a at  i’~ shou ld  not be considered (see Section C .L~ and
o~~p e c l a i l y  Table  0— 9 of An ’r ’en d ix  C ) .

2.4 V O L C A N I C  E R U P T I O N S

The ‘.‘elca r:~ c -o ’r u n t ion s  to  he cons ide red  are l i s ted  in Table
2—s . (Tonic 0— 3 of Ap~’c~nd ix D ) ,  and the  suggested source function
0 ” ~~~~~~~~~~~~~ is s~iven ~n Table 2— 7 (Table D—2 of Appendix D).

: : o t s -— there  is a l a rge  uncertainty in b o t h  r e l a t i v e  and ab—
aol’,,te ‘ 7 : ’ . ’ ] :~’ts of in s-~e o t a n t s , and also in the  effective injectiTn

o~~i - : ’, t .  ::- . : ~~ s ’L r s r l y  reflects our lack of knowledge in the area.

2-5
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T A B LE 2-4 . GLOBAL PRODUCTION AND RELEASE RATES FOR

FC --1l , -12 , ANd -22 THROUGH 1 976 (in iO 6 kg)
E C - l i  F C - 1 2  F C - 2 2

fe 7r P r s c d ; i c t i o t ’ Rs ” ea -0e P r o d u c t i o n  R e l e a s e  P r o d u c t i o n  R e l e a s e

1 3 3 1  0 . 5-
‘ 3 2

1 9 3 3  0 . 3  0 . 1
1 9 ’ 4  0 . 7  0 . 2

1 . 0  0 . 2
0 1  1 . 7  0 .4

1 9 3 7  0 . 1  ‘3.1 0 .6
0 . )  0 . 9

1 9 3 9  0 . 1  0 . 1  3 . 9  1 . 8

1 9 4 0  0 . 3  0.1 4.5 1.7
19~~1 0 , 3  0 , ) 6 3  2 . 3
1Q 4 3 0 . 3  0. 1 5 9  2 . 9
1 9 - 1 3 0. 4 0 , 2  8 . 2  3 . 5
1 9 4 4  0 .  0 . 1  1 6 . 7  4 . 7

19 4 2  0 . 4 0 . 3  2 0 . 1  6 . 1  0 . 1
1 9 4 5  0 . 7  0 , 5  1 6 . 2 1 1 . 9

1.3 1. 2 20. 1 19 . 0  0.1
1 9 4 5  3 . 0  2 3  2 4 . 8  2 2 . 2  0 . 2
1 9 4 4  4.5 3 7  2 6 . 1 24 . 2  0 . 3  0 , 1

1 9 5 0  6 . 6 5 . 4  3 4 . 9  2 7 , 4 0 . 8  0 . 1
1 9 5 1  ‘9 . 1  7 . 5  3 7 . 0  3 0 . 8  1 .0  0 . 2
1 9 5 2  1 3 . 7  10 .9 3 5 . 5 3 2 . 6  1 . 6  0 . 3
1 9 5 3  1 7 , 5  1 4 . 9  4 8 . 2  3 7 . 0  2 . 2  0 . 4
1 9 2 4  2 1 . 4 1 8 . 7  5 1 . 3  61.2 2.9 0 . 5

‘ 9 5 5  2 7 . 0  2 3 . 2  6 0 . 3  4 7 . 5  3 . 5  0 . 8
1 9 5 6  3 3 . 5  2 3 . 1  7 1 . 9  5 5 . 4  6 . 1  1 . 2
1 9s7 35 . 3 32.8 7 7 . 9  6 3 . 1  6 . 4  1 . 1
1 9 5 8  3 1 . 3  31 .2  7 7 .8 66 . 6 7.7 1.4
1 9 5 9  3 7 9  3 2 . 3  9 2 . 5  7 3 . 9  1 1 . 4  2 . 7

135 0 5 2 . 5  4 2 . 2  1 0 5 . 0  8 8 1  1 2 . 3  3 . 3
1961  6 3 . 9  54.1 ‘.14. 7 98 ,6 12.3 3.6
19 6 2  8 2 , 1  67 .6 135.0 1 1 3 . 1  15.6 4.7
19 6 : 2  9 8 . 0  8 . 6  1 5 4 .0 1 3 2 . 5  1 7 . 8  5 . 7
1 964 1 1 5 . 5  9 7 . 9  1 7 6 . 4 153.8 22.6 6.9

~965  1 2 9 . 1  1 1 1 . 7 1 9 9 . 2  1 7 3 . 6  2 5 . 4 8 . 2
1 9 6 6  4 8 . 1  1 2 5 . 1  2 2 6 . 1  1 9 2 . 9  3 1 . 9  9 . 9
1 96 7  1 6 7 . 8  1 4 1 . 9  2 5 3 . 5  2 1 7 . 6  3 7 . 8  1 2 . 5

1 6 1 . 6  2 7 9 . 3  2 4 8 . 9  4 6 . 1  1 6 . 5
1 95. 9 2 2 7 . 3  1 2 7 . 0  3 1 0 . 0  2 7 1 . 1  5 6 . 6  2 0 . 6

1 9 7 0  24 ~~. 2  2 1 2 . 3  3 3 4 8 2 9 6 . 1  5 9 . 3  2 3 . 5
2 7 5 . 5  2 3 3 . 2  3 5 6 . 3  3 1 7 . 7  6 5 . 2  2 6 . 5

1972 3 15.8 260.3 391.1 343.5 70.8 31.3
1 9 7 3  3 5 9 . 5  2 9 5 . 6  4 36 . 7  3 7 8 . 0  7 7 . 4  3 6 . 1
1 9 7 4  3 7 3 . 7  3 2 4 . 1  4 5 5 . 0  4 0 8 . 4 8 8 . 7  4 2 . 3
5 3 7 5  3 2 5 5 3 1 4 .9  3 9 6 . 1  3 9 6 . 3  7 4 . 4  4 7 . 6
1 9 7 5  35 ’ . 2  3 0 8 . 2  4 2 7 . 9  3 8 0 . 1  9 4 . 1  6 0 . 2

F’so t, ’c ~ r FC-[~ and - 1 ”  s3 ,~ 1.- I s -  5’-ors Tab le 5 of Du Pont (1977). For FC—22 , the p roduction
f~ ’ i , rs - c a ’e fr e t - n- -S ( 1 9 7 7 )  c’.’r e cte - ’l for g lobal production as indicated in the

(0- t r s r, 7) , Tri e ~r 23 release figures are obtained from the production fi gures
by r n u i l . p ’ , r7 by 5 ’ .r- ‘ 

- 
.~~ .‘  ‘ s ’ t o ’ 1 . tion r s - ti o from Tab le 7 of M cCarthy et al . (1977 )

~ 5 3  6 ~~~~,- ‘ o , ts ; bit f ’ s - 1 9 7€ the 1975 ratio , 47 .1/73.6 0.640 , was used .
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TABLE 2-7 STRATOSPHERIC SOURCE FUNCTION OF THE
AGUNG ERUPTION CLOUD

Mass , kg
Estimate of

Es timate of S. Sel f (private
Cadle et al. communication , a Suggeste d h

(1977) May 1978) Value -

To tal erupt ed material C s x io 12 1.4 x 10 12 
2.6 x 10

12

Fine  ash d I x io
’1
~ 9 x 10~ 9.5 x 10~

Total gas - 2 . 9  x 10
10

Water vapor e 1.2 x io 11 2.2 x io lo 
5.1 x 10 10

Tota l S as H2S04 
~ 1.8 x 1o 10 2.1 x 1O 9 6.1 x lO~

Hr1 ~ 1.2 x lO~ 7.3 x io8 9.4 x io 8

a Based on 17 March and 16 May eruptions .
b Geometric mean of the Cadle et al. and Self estimates .
C Most of this material does not enter the stratosphere .
d Cad le et al(1971) do not specify the particle size; Self refers to partic les

< 2 iTn diameter.
e The mean stratospheric water vapor loading is ‘.‘ 2 x lo 12 kg, see Appendix A.

5.1 x lO~ kg H2S04 contain 3 .3  X lO~~ S atoms so that presumabl y (3-6) x
lO~~ OH radicals are consumed in  the formation of sulfuric acid.

g 
~~ x 108 kg HC1 contain 9 x l0~ molecules.
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2.~~ CARBONYL SULFIDE

C r u t :en ( 1 5 7 6 )  s u gg e st t - J t h a t  the  ~— a s e o u s  soc 2 c~ i~~
-
~ n n ~;1

.;ul~J h ~ (7 ‘3) m ay be a significant source f r  +J ~r~ s tr a4 os: ~n ’~ - ’ o

~- r- ,’s~~l lnyer in volcanically quiet t imes. This sp’.’ o es , whi:- h

S rooduced in a variety of ways——biolc~~i c~~li:;, n v 5lc~ r~
e r : pt i  or , and in  coal c o m bu s t ~~en —— ~ S r e l a t i ’z e J y  iot.~i ’ t

3osph~’re in c o m p a r i s o n  w i t h  t he  common at r ~ sr:he rl.: r u l 2 n : - —

~onta~ ning ~cases , H2
S and SO2 ,  but .;fll ~‘r’ 2rurs lv to ox~ d~~re~

t o 25J11 ’u r i c  acid in the stratosphere , an : thus will cont b- .~t e

to t h e  Junge  l ayer , and c o n c e i v a b l y  may i f f ~ec t  st r a t o r  he - i c

.r~cn ’:, c f. Cadle et al. (1975).

Qb s- - r ’ ,- n t i o n s  of ~anoulis et al. (1977) and of 3ar d al l s
1. 

~~~~~~~ ( 1 5 7 7 )  in d i c a t e  t h a t  the species is f ui r ly  w i d e l y

-sod uniformly d~ stributed , wh ich sup port s Cru t z erY s  su~ nestion

1 t er  t t h e r  a long at r :spher i c  l i f e  t i r e  (cc  2 are  w i t h

-n $O~~) sr unifnr’m terrestrial sources (i.e. n o t  c o n c e n —

t ’ - a t - - J  in ‘1 rbar :  or o the r  l i m i t e d  a r e a s) ,  or b o t h .

At  p r es e n t  t h e r e  e x i s t  i n s uf f i c i e nt  da ta  to  makc- a r e a s o n —
-ni le  e s t i m a t e  of at m o sp h e r i c  7:33 i np u t  r at e s , but  i t s  p r o a u c t ion

n ‘oal combustion makes it at teas t a uotent ial f u t u r e  source
1 ar t h . - stratospheric aerosol layer (see Turco et al. (1978)

for a discussion of  this topic).

2. 6 COSMIC -RAY-INDUCED IONIZAT ION

Cosmic rays produce ionization in the atmosphere ; exp 1~~c i tly

~n the st:-atosphere one ion pair i~ives rise to 1.3 hO molecules

~ rJ 2.0 OH r:iii: -als on the average (see Section E.3, Appendix E).

Th~ ‘OH r~d~ oals -ire shont— 1~ ved , so that vertical transport for

st~:r :ces .‘r - e 2 0 - r  t h a n  a b ou t  1 :-m : is never impor t an t ; be l ow about
;~~ km , 70 molecules are suf’ficieotl’j lora~— 1ived so that v e rt i c a l
t-- - ’.~ port into reninnr wh?r~’ the~,’ can affect the bufl-: of st’r-s to—

st~~~”ic osnr :e n- ’; be si:.’o~ f’ i r a n t .

F- —

r~’ \ ~~‘ 3 ~ f r s ‘-n s’ ed ha 1.,. ~ec es
3 -  ‘:31 - 1 1. e 11130 i r : ; 4- ‘~~(I~ :0
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For i o n i z a t i o n  in t h e  s t i , -it osm n~’r - e , corn ~ .- r- - .’ ~- r ! ’ :~o ”  or  In

the range 30 t o  500 Ne V are re u ir ’~d , -n d thus :-~c n~-

in ~oi1actic cosmic  r ays  ( O C R s )  and i n  rc ’l.or proton o--;ontr ( O PE r ) .
Thiactic cosmic rays are modulated b y  t h ~ solar w~ n’1 rind n~- k
d u r i n g  sunspot  min imum;  t h e s e  are o o m p u i - r i t l v e i y  er.-- r’ -t ’~H- m ar-

tid es whose ionization peaks near 15 Pr: [see Fig. 2.1 (T - ’ig . E— 1)J .
By contrast , solar protons are produce’i by a c ti v e  so].cr ’  r e g i c n v

w h i c h  give r ise to in t e r~se solar f l a re s  near ’  s -~ 1:: p maximum ; the

kind of large event wh ich  a f f e c t s  t he  s t r a t o sp h e r e  o :cu r s  p e rh an s

1 to 5 t imes  per 11—yr solar sunspot cycle and }.r~s a durnti’,n of

I to 3 days on the  average . Figure 2.1 also shows the irim ’:Iza—

tion profiles of some large SPEs . Note that the m e a n  ener-ny of
solar protons is significantly lower than that of galactic cos-

mic rays. Table 2.8 lists those large SPEs durine the l95~ —
1975 time period that should be consIdered in the present con-

t e x t .

Cosmic rays are affected by the earth’s magnet ic field , and
thus their ionization is particularly im portant in the polar- cans

or regions of high geomagnetic latitude A. Finur’e 2.2 (Fin. E-— 2 )

shows both the “outer ” polar caps C which correspond r-cu~rh 1y to
I > 0 - .  . > 0: ‘\ 60 , and also the inner polar caps C . cor r e sp o m : u i a ~ ~ ‘

~ 65
The relatively high energy GCRs are si~ nificant In the o u ter  polar
caps and also at low latitudes (see Table 2—9) , while the less

energetic solar protons are only important w I t h i n the inner colar-

caps. (See Table E—l and Fig. E— 3 for a representation of’ h ’-th
sets of polar caps in terms of geographic latitude 0 for use i n

two—dimensional photochemical models.)
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TABLE 2-9. TOTAL J0N I?ATI0i~ DUE TO GCRs
(in io 32 ion pair s/yr)

Solar Sunspot Solar Sunspot
Minimum (i .e., Ma x imum ( i .e . ,

maximum _ ioni zation) minimum ioniza ti on)

h4 mc L a t i t u d e s — — i n  c -~rves C
0 13 7

tow I. an  turi~- s - - o u t s i d e  c o rves  C0 26 20

‘h on 0. n’r pno~’’ lo 3 0 1’  to  5 ’7; ’, - n a y  he oxr-ressod a:; a
- 

- - - -
- 

- - 
‘: ‘‘ t i n - ’ (~~ -- l u - 1 .’ - ,  on  Th- . y r- - i : -  of ~F m : x :~~r .

, , ‘
i :r , ’s : a,-,. rii:h’ u,u) or~~~o: lotYL m’l ’ fohe’:--

i I - - i  1o~ ~~~, -,
~~~~~~~~

- - ‘‘
~~~r t ‘ 5  P01 ‘r i f

- U :-- . r 
- 01  . 2 .2 (or- A I fl

) 
-an-i  ‘ c- : ‘:t of  oh --

- 
.i: . , :om- -;o ‘ L — , ’ ~~~~~~~~~~~~~~ k 0 0 ) as- fo l io- i s te rm .’: of oco:, t~ n: .f

7 ,_;e - m . . i i  i3 ’ -~~- .- ’ 1d X 1:.

o : oh o n”ia riri ,- t  I c  Ia , ;, i t ~ud e , ‘ n ’ -: ‘~ son-s:n-:n l o t ’~~ s i - -
0 

(1—f
0
)

> :-~O Pr: Eo (
~-~~.l )  > 31 smo ~~ (~‘t ~4)

- Pr’ ‘s < 30 km E’~ 
(P1 .2)

LO km < < 15 or:: hr (E ~1 .3) 18 km < s: < 1-1 km N - ;
(k)4.5)

rat i ‘LO pr ’n f i l  - lu s  t o  OPEs ;ra’; is o: t a k en  as urn form

a “-0 i S t  - - v ’: r ~ the polar c-u s -ic fined in terms of the i u m n -~ r
;r’v~-s C , of’ ‘io. 2,2 , 1 i- ci3ulvalently, 7 oe,rr:a- -net c l a t i t m i o s

A ~~ f 5 ~~ 

- 

‘2h ’~ rlt ttudo pr’of lo of ’ i on .~ ::a t ‘ or ’ du e  to O N E s  is
how ::  ‘ n ‘ - N - ’- . 2 .1  ( i - i n .  E — k , ; , e’ :t N t i  E . 5 ~~

A co o n ’ . - -o ’rrec ia ’ ‘ n t ,  of bin ’,- 070r’ i, i o  ~ 1 - o i f i s m n c - :  of c - son ic

- To i c r : i z a t  i n t :  on s - f m - a t -  , n ~~~~ -s - ‘ O u ) r i O  s-ri : he  seen from ToOler 2 . 1
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: t : :~~~ 2 . U , ‘- .- :hic ’ h sh:w a s soc- : of c m - i - ’:- 20 i IO~~ i on  i a ~~r - : :
* . . . S - I

eV s - n O  oi’ t’ c~~’ ~‘ 1O2 . fTince ori ’~- b r ,  n ’, r - - ’ :v ~- o r ’ .:~- r o  JO

: m i o l e c u l - o s on 1 2 . 0  P h -  JN, c a l s  c, 0 o ’~ er a ~ , e I c -  ‘- ‘~m ’ -’

of ab -: - - - ;r  35 x 1O~~ 73 r c 1 r - c i l e s  an - i  ~~ x i ü~ T N r’ i f ’ - a I ~ r i - : ’

~-n ’er :°  or n--si ’ ~1’ -0a r- . by  c o mp ar i s o n

• The [Tnviet a t m o s r t l I ~r L , :  m a c l e ar ’  t - st : :~~n s  01 j-N~~ 1 11- 1

( 4 h ’ ’ I O 5 ’ O ’ :S ’ , C ?05 1 , c o r r e s m , l T n .L n o  ‘ 0 180 Nt r ’ o t al  ~~~ 5 )

i n~~e ’st e J  (70— 73) x l3~ ho m o b -a ’ N e t  i:. m o  ‘N o sb r- 0 - 0 —

• the fbci ’ ai St r a t o i S 0 0 0 ’i i c  Oe-adir f Of NC- = 7k- + JO + EN -
- 2

of am er ( 5 — 1 5 )  x 1th~ noJecu- les  ( - u ~:e Ar ,n , el -1715: A ) .
• T i :  ~ 1’o L-al .‘:rra t :s: L - - t i c  loadim p ’  a: N -  r’ad ‘ols ( OH +

3’-)
is of order- (7—jo) x 10 r o - i - :c a l e a , h- uf ’ ’,’j it i  i- ’ o - - -

on cer t aLnaies a:- : w i th a -1c r-v :‘-o ;N’i tor t , - r i t ~~ ( s o ’ ,

,‘,z -m ~ -r ’1-iix ;~ )

Th1,1~~~ “T ~~~ ~Or~”iO’i~ t h~ t 
-.~Jh ~ ~ ~~~~~ be :‘c’J ion~ 7-ation ef’feet~

arc no~ n~’;T1ii:1 bl~ , 0Le~ ,’ ar-c not  of ’ r : r - - o - y  i cporta:1oe in t l : ’~
pr-s - -ri ’ ~onfext , as c o m p a r e d  e l f i n ’  ‘- -: i ’: h n u c l e a r  t e st  series

-‘ I . i  d O  ou~ r oo m- :- NO into the rtraoosrne-:- - - or m l  :Larticular wit? .

soarces of CI:-: s u ch  as h a l o c a rh o n s  ar-si volcanic o r - u r a i o r : s .

2 .7 A N T HRO PO GEN IC NITRO G E N FIXATION

Re :- o ,rnn-;eri tir ’:e—varyinc’ a::throp- c-~ en ic nitroLr,en fixation

rates am list cc in Table 2— IC . The n u m b  or’s c-sac from the 015 —
ou r s i o r i  in A s p e n d i x  F . ar1s the fo l l o w in , r’oinas should be noted :

a .  Cc’maerci-i .l n it r o~~ern f i x a t i o n , :-:r N - T h  i s  r ’-- r ’ i n s i r a l l y
( ,~ 75 c-erceot ) fertill:er pm’oclu-cti ,cn , Nas been incr ’as—

i ro a~ a r a t e  of 10 ercerr ;  p- -o r- arsio r ri , mo o ch  fa s 4 er t han
the combustion source (5 r-eroent ).

*
Dur’ine , ‘he 1555—1 -75 t ime f’ r ’-rn:1e , toere have beer : j :mst three
mai n semi—- s of’ ON E: -  Omi t r h - o N - I  tn ccrs ’tderod in I he pres ori ’.
car,text , r ’ ime ]v , t h o s e  of :-fa:- — ,J’u -~~~ 19~~~

0 
, %- ~~-z ’- rr is-nr l9~ -O • an-i

A. is - mt - -772 .
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T O ’  : 5 : , : -  m i - L i t - - :  - : - - I intl l O t o t  of 1 y ,  ‘ i i

1: ’ t -  - t : .  10 ’ -: ’ ’ ~r - a  ::: n l C - r ,~ N - ; : r ’, - i I a m  ~~~~~~~ ‘ 0

:‘ x - - - i  _~~~~~~~:- , “ - - : ~~ : t ’ .- r 1 i t _ m f - _ - ; , 11 j ’ I ’ - , r .

:p - ; r- : x i r : i t - b’/ r- : m ! t  ut t o t - a l : ‘: 1’ ri 1r~ r : .1005 ‘ :3-u

: IO (t e e  - A r i ~~, 1 57,), ,;O~ Ic t h e  On : \ ‘  ~‘ t ’  -

‘ i i  t n ~- ‘ - 7 o r ,ho ~ r- - : ~~ 1:~v :;  t - e f -  s” ‘ :.:, - 7 is
i x  ~J t t : t — U t - f t i ( ) U L  t m 1 - t m - o r  s - s r i , : - : : , arid : n~~~~;r’~: 0:, - - . C

-
- : ie- , n ;rs  -in- -~’ - t  ~r r i o ’ c u r -  t o , -; : i - r- - t - - : -  :uc-

- ni: , ~. :~~~~~1 r -  N , 0: ’~Ct S  w i t h  o s - n ne .  The t”- ’, at t

d’:1’1 ,V N o-oI- --vn h:ene i,; J r ’ cLm ~L J y  1;. on-, - of’ lb :,‘er:e,r

InT ’l t i - ~ ,1 0 : - a s s - s  of the rap id imcr-- ’ r rs ’ ~m

~en : .- o:- :0 :1 71 it am :,-:::-1r’~: -n: 1 : ~~~~~ ‘~t u O  a

i c a : t e m  H u r t  on a:c-r ;e ,-,’~~~. I-i L-~ a : , r - c m c r . t  u s
as 19 70—1975 . Ti, Is point is dIscussed u 3:-c t : :~~ , N—0

a t~
- hppend

c. Bc-cause of ’ t h i s  l - snp  de lay , t h e  l a t it c ue  -ja,m ‘

°r ’ . ; i e c t i o r i  sh ou l -J  not  i-c o r m o N s o r  0 5 0

fable F— 3 7, - i -  t h e  la ti , tcd’n variation.

TABLE 2-10. ESTIMATE OF ANTHRO POGEN IC NITROGEN
FIXATION RAN GE , 1955-1957 , MT(N)/yr

Year
1955 1960 1965 1970 1975

Commercial nitrogen fixation 7.4 11.9 19.1 30.7 49.5
Combustion 10.9 14.0 17.8 22.7 29.0

Total* 18.3 25.9 36.9 53.4 78.5

*

E ffect of soybeans and other legum inous crops (see Section F .2 .3) is
not includ ed here.
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3. OTHER FACTORS

3.1 SOLAR ULTRAVIOLET RADIATION AS A FUNCTION OF SOLAR ACTIVITY

Toe :r’ ,L” tr’ ultrav iolet i rradiance deter-mines the over-al l

level  o f ’  st : ‘a t o tnh e r ’  I c  or -)n r  , pr incm rally by the J h ’ot Od I o soc  - i a—
t b : :  r r o in’s.n - . ; : - :h ict  lea-i t o  t he  formation of ozone m t h e  f T r - ,7:
p l - :ce , : : m : i  also b , ,’ ri~- ’ I o- ;a l  heat -i ~~ r e s u l t i n g  from :; the  :i b : in- r m- —
t i o n  of  sal-a r LW and th e  changes  in t em p e r a t u r e , phot-sch ’:rci::f mm’ ,

-ri nd - i y r : € n 1 s o  r - - n s u lt  inc from t h i s  h e a t i n g .

D L  ff’er- -’ -r: t-- rneasur ’e rnent s  of’ solar UV rat i a t i n i n  t O - n  120 € TO
3 0 0 / 10 0  rio :  w a v e l u m r i p t h  r ar~’~e have been  ms - v i ewe I by Heat - h ~:nd

Thekaeka r’- i (1077), by D e l a b o u d i r t i e r o  et al .  ( 1 07 7 ) ,  a r i d  by
Si m on (1978), all of  whom ir :f ’er a siCn i fbcant variation of the

so lar -  200 to 300 mit:: I r’radiance (20 to 50 : ‘nrcent  v a r ia t i o n )
wtk }: the l i— y e a r  solar sunspot c y c l e , w i t h  more r a d i a t i o n  at
c- L ia r ’  m a x i m u m  th ’ ir i  at: so lar  m i n i m u m . Th i s is not  i n c o n si st e nt

with c o m p ar a b l e  or larger  e f f e c t s — — f a c t o r  two at 170 to 200 nm

an-i at L :j mau— Ii , [se.: also Vidal—Madjar (1977)] at shorter

w i  v e l - ’:r :gt ho-

The results of H e a t h  and Thekaekara (1777) are shown in

N im -’ i . 3.1, were redrawn by the 1977 NASA Committee [see Hmls o n

(1977)] as sh o w n i n F 1 g. 3.2, r un j i l  have l ea- r i  incorporated in

severa l  mode l  c a l c u la t i o n s  of st r a t o s p ho - n i  : o sone , see Br— :cr-,-: mr-

and ~Pi rr1 - - r i  (1977); h e a l y,  la l li s , - t r o t 1riL: : r-a ,I an (1977); 0 0 1

*
These are not treated at t b’ l eve l  of i -ta i l of t he  i 1~er os i n
C h a p t er ’  2 , b u t  t o y  are potent i - t h y  of’ considerable imn I — or’t ’ ’&mTce
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the 11— year Sunspot Cycle , Based on Observa tions from 1964 to
1975.
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FIGURE 3-2. Ratio of Solar Flux Measured Near Solar-Cycle Minimum to that
Measured Nea r Solar-Cycle Maximum Versus Wavelength .
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l -am ’L lcd - it’ C:thhi :011 ~1caIy (1 ) ‘ 8 )  . These ri: -ic ‘:1’S t yr i -all’;

a: ~ri ‘ s - i t : :  i om - ron - - Of 8 J i:-r- celit ’ ~~~ ; ons’ ‘~ - - s  f r - - mm
. ;o i a r  m ’ s i m N o ; w ’ :  m a  solo: ’ nta xi :’;:;mm: . C S C OI : ; Is a ’ ,’ -r ’y ia rve ’  ef ” :’ -n ’t

‘: i i c i :  c u~~ i ov’ - r’ ,-,’ aul:;: - ill ot;~- :r’o - - l u r i n g  the 195° to 1975 t i m ’ :
0 - 1

- - n- : :lm: , : r on t  o f  H e r -i t O  i~ : ’ 1  ‘t’hekael- :. - i r’a (1077) have h - i c :

C r i , -ho -i l y  a m i n r r : f - ’n’ of  ‘.-:or ’C-:c-: ’ s , see White ( 1 97 7 ) , ~ . 21?

m ont 3 2 5 ;  :L , a Delr: :- ’o - Jir: t~’r”s c’s al .  ( 19 7 7 ) ;  w h i l e  :11 ::: - , :  ( 1 0 7 8)
C. ’

- ’ ,  i- ;ml - ’ :’ C S  a t r m -d:i :Ii Sm: Ll T r ’  ‘‘: ‘te - -I t; Indeed H e a t h  (r :-ivat’u

s -amos. i t  t on , F - : m n - - - n ’ :r:; l°~’ - 3 )  c on s i d e r s  t h a t  w h i l e  t te-  e f f e c t

Ii: real , t s  r h i . : , r : i t : I , : I t  f lat  y nt  r - c t a b l n s h e - ; .

I .-u ’s~sesr I r at  t h :  co r r - -s I - 1t ion o~? i i e a t k :  ari d Thekaes - a r ’ -’~
( 1 1 7 ’ - )  :0 m i d  : - - n . e-I bu t  ;-; i t h  t On:  caveat  that t h e  e x is t in g
L . ’rs~:,~ ; of  r e c ur - i (tn- -sn 1~~6 d o r i )  i~s i n a c i 2 ;m o : t t e  to  e s t a b l i s h  such

a na:- ’:m ,i , ’::: two T’j-:les (22 yea:’,:) would  be needed as a m , N n i —

mum . The i -I-u -~ u l n — T h - : t - : a e s a n ’a  - ‘ st i m m : a t e  of ’ - ‘1 a .  3. 1 is t h e  larl -’-cst

a n i m at i on  cur e -n :  ly : - r ’op O ’ i in It’ it  ‘s ths;a :~-as c r i t n i s m , DV

var  :~~~.- i l l  ty  nay  i-Je ll On- ‘she r - ir : a l e  m o o t  i m p o r t a n t  con ’s : ’  1 h u t - ’- : ’

cl:Ii ili”et in stratospheric os-one dur ino’  tb-I ’ 1 -55 t,~ 1075 ‘ i’s-:

‘~- :‘i c-J , but  ut  p r e s e n t  ( J un e  1978) thorn is ro ot  sufficient

in-,-’ dence t , ’ ~n’- ’iii in a luan ::itative estimo te of t h e  effect.

3.2 STRATOSPHERIC WATER VAPOR

T~:-: s - t r a t o . s u h e :-  I c -n- Jd — - :-x y c ’ i -n n  c o nce n t rat  i s - n  is m s  O ’ ; c e r  0::

si~~r ;ifi:ar: t e x t en t  by t he  HO c y c l e :

0
3 

+ OH -* HO 2 + 0
2 

( a )

HO 2 + 0 OH + 0
2 

( b )  ( 3 . 1 )

h o t :  0 + 0
3 2 02 ( c )
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A l s o , the lit imp-a c tin:; t in:: : t with NO and ‘iX :: l ~~~
i ‘ - I or i t :  a von  oh ,’,’x 1

of w : i y s .  ‘Dl :.: IIO~, co mes t’r’orn str-::tosph ’u ’ic w : i t - r ’ , a r . l o( 0);
t he  O (1D) i s  p roduced  by p h o t o di s so c i : :t i o n  of 0

3 
( and  of

whiLe the water comes mainly by t r ’an r p or ’ t f r om t h e  t i -  a - . - - :
tsr p a r t l y  by oxi dat ion it: t he  s tr - a t  o sç :her ”n  of o:- ’- t h o r ’  ( ‘ i i . )

t r a r : s ; - o r - t e d  f rom the ground .

(I or ’ knowledge  of t he  burden  o f ’  s t r a t o s p h e r i c  t ro t  -o r- v ap o r ’  I.:

v, :ro ’,; peor’—— s ee Kuhn et al. (1975) and Harriet ( l H 7 ~~) . Th-~re’ ar’ -

d a t a  in E n g l m i n i i an-I in: Washi :~:h o n , D . C .  , - x t e -n d  is :”  over ~~i m: :  . :1~

20 year’s, wl:i mh give some irid h-otLon that the ovct- ::I 1 level al

s’sr-:tosr h,-:ric w:o er vapor may have been i r:500:iri ng over  tO e  1)50
to 1970 t i m e p e r - l e d — — s e e , e . g ,. , F l  gs .  5 and 6 of Har:- i n s  (l97~~)

H owever , the strato sphere i-s so ve ry  dry compared w i t h  tb ’  t r o l
s H I re that mea .;urements are very d i f f i c u lt , ar id t he re  is a con-

s! - I a  r -ab le  spread at’ da ta  g iven  by d i f f e r e n t  m e t h o d s . lndec :I ,
H s i r - : ’ i e s  does not  t h i n k  t h a t  an i n c r e a s i n g  t r - e n - ~ ha s L i n e n  e s t o b —
1 1th - i .

There are other’ analyses which support the suggest h-n of ar s
n c r - - a t e  in s t m ’a t o s~ -h e r i c  w a t e r  vapor  d u r i n g  t h i s  t I mr : - per! - - - 3 .

Thus , Ar :g ’n l l  arid K or s h o v er  ( 1 9 7 4 )  find some e v i d e n c e  C oin an in—
-:‘ r -s-ase in t h e  t r ’ -n p o p a u s e  p r e ssur e  an-i t emp ar at u r e  in t he  l9~~O to

1970 Ic s - t he , part ! cularly in tr Ill~ I sal  l a t i t u d es , w h i c h  may i — e r —
Om n i ;  1: -:: r’ela t- ,oi to an increase itt stratospheric water var-or it:

t’-r’rn s of ’  the still—aursent m-s :icl , due ori 1i - im:mi1l ~ to Bre;-:er (19i9),

t h a t  t ip : concentration of writ-.-:’ vapor in the s t e m  to sç’-t :er -n  in :

1 l m i t ’—J by the “cold trap ” in the t n - n t  i ca l  t o r p o p u a s - i n .  A l s o ,
systematic eel—arts of rioctilucent clouds (sco’ Newell -~- m a l.,

l97~1 , ~~~
. 265) indicate -a relative maximum i i i  cl-:su :I ni m rti n cs ~::

1967 to 1968, which may imply a c s r ’ r ’e s j or i I ng m a x i r - : i r : :  J r  :1 r a t ,  - —

s r : hcr  i s water v--ipor (or a S i l O  i m n u r :  I : :  stratc po:r ,: ’/oi.ns ; i- - : ’-

t o - m I s  - r o t o r ’ :  ! )
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Da l i11 , h i : ’ - : i n r ’r ’ t ’ r I t  , ‘ L : t t u s -  a t ’ st r ’ :it o spheri  e 5 ’ s - ’ :  . - ; -

m a r : l ea:- ,: .:o rrft ’ m ’ e s e m m i o i - i m n ’ e t c  t O ’ ’ onlone dat a  o f  th ’ : - : u : -  to’ 1 - 0 0 : ’
h r ’  l I t ’ .l h ee i~ O SLO -~~ ‘o :: l ’n s of ob servations at a fe- -i c l - -s ly

: l ’ S c ’ n - l ~~ - ‘‘t’sions 1:: ~-J- - ,r-em ’r: Eur op e  ( m a in l y  j x I ’ -,’i” -i , A r - o s d , a : ,

n - n t  s - L a  1:; ::-~~ en ough  g iobr i coverage  to  ~10 a - ’,’

rn’ : of 1 — m s ’~— ’ e’r ’rr w—.- r - l I - ,-ride tn -rids.

Fur ’t h o: ’ . so  do n r a ’, a -  t u r : i - n r ’s t a n d  t h e  b u d g - t  , so r n - c ’ - . : , ass

sI r~ks  of stratospheric water vapor very well , par t icu la r ly  as ¶ t
relates to genera l  s t r a t o s p h e r i c  t r a n s p o r t . The cu r r en t  i r : t r - r ’-
pr’etation is based on transport both Into and out of the n :tr-at--

- ‘ osphere by the Fadley circulation , with considerable diragresner :’s
about what happens at higher latitudes (the Hadley circulati on .

is restricted tc- latitudes less than 30 to 350, north or sou t- is) .

Thus , K u h n  et  al .  ( 19 - 7 5 )  arid E l l s ae s se r  ( l97~~) p r e s e n t  qui 1 o
differer .t :;~ocie s.

L en ,  ‘— ‘ er- -c at ;U- :l ;r:eas :”monnts of s t r a t o s p h e r i c  :-:at - - r ’sa 1- ’ -

ass r’ e - l c ’  mt - s - h : i t  - he lo;-i -~-r :r t r a t o s p ho re  and -sr- - n - : ’:- ‘sr’ - :- ~ 
- —

or ’- t I ” ::t 1; ri  ~d - - i  . Tb -n f- st p l a t f o r m  : s ld r ;r ’cs’mn’i s- i v
m e  a .‘at—’ ilI’ - --- , - ‘:11::’- - ’ - - -I ;’oi~- :Ir:: -t b a l l o o n— b o r n e  (~ - m’ ‘- t S r ’
o r -ms ,:o i— : s~ -: ) - ‘ a , - - 0 1 cr s-nan s.c-do . Ir on huda~-t : - ::r-m o,: c-s

-ase: ,’- :’at :or: ta t,:: ‘ l e a n l y  ha’:~:: to  b-n scr~-pl emn- -’ ntal

-;e±- - ‘itie: of - : l n ’z ’c l t o r i n  O ’sl  .m - :t-s d-:nce as ~n function: of r - i m n ~~

a n t  r., ~~~~~
- -

3.3 VARIATIONS IN STRATOSPHERIC TEMPERATURE

tn ‘ . ‘ - e s ’ i m - n h-’:’:tm’n-’n solar irrad i ::us’e , 000ne

a -:ic-ar ’saot i - i n , h - - s i r -  ,tu r”.- , ar~ - I  J y n a m a L - o s which is no- ’,’; b - i  

‘t’r’iz-n i i- y b:’- mo r~s snmt a l modnls [see , e.g., I.- -,into,

m l  D a : , i e J , :-: ’r ( l - ~7 1 ) J .  f- ’ ur’t}::-r, the rate constants ~
‘-n r-

most of’ tm :e on- m - : I s~~l -ar ts p h o t o - ch e m i c a l  p r o c e s s e s  t h a t  detee’- I n c

s- hr-a ’ n r : -h - - ’ : ’ i -c a:; are depend on temperature , and thus changes ins

stratospheric temperature— — by affecting the rates of d i f f e r en t
:- tnacYc,ns iiffe:-erstly——may be expected to change the t o t a l  o:ora’

‘ - s r.-:-:rg r ’ - r t i n [,;ee , e.g ., ? --ou chr scr  (1)78) and LU’,m ’ o r I ’:::1: F s r ’ - - ~- ’r-
- ‘78 ] 

--—-~~~~~~~~~ -~~~~~~~ -- ---~~~~ ~~~~~~~~ - - - .~~~- 
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i n  t o t e r :  t o  - l i a r ’ s - h i  ‘ .‘ o i ’ i a ’ I~~m i s - , hi:’: : : t s ” - t O s :  : -s I c  1 0”::—

:0 i’s ’ :11 :0 ;‘ -r ::i — ::r:-:al , .::‘ ‘al , Icr i n . I m r i , m i , : so

1: - i - m m : ,‘:ir ’ i:ttion :—— :; --:.- N - s-alt - - 1 , ‘jr. ( 19 7 9 ) .  A : : : : m m F - - n -  o~ ’ w’ - r’s - m - ,

i s -  I ::- ‘i ~i t _  t o r : g ’ r ’  ten’::: v - a m ’ i m i m i  is - , to r a n t  hu is: :-  to ton: me l —
*

~ 01 :- ’ ( i c : :l )  u a : ’ i — b i ’ r : n i i - a l o. : - ’i i l - - i Y o r :  ( 0?) an:: t he
t O  L: r r’ c ,y s  Is . l o s s  , 11  u r n al  mIm i-i so - ::som ;:1 ‘ iar -iat  I or:: or - -n - r e i n

< 0I :  r e d , a, : i s  l - f ~ -c QBO a: . low I a t L t u n i ’ o : (
~~~~ ‘70 ) ( - - i f ’ .

A:: “ - - L I o m i  r to r :r : - :v r ( 19 7 3 ,  1975 , 1978). “ i 4p- - 3— 3 :hor-;s n::rr-

of t. r n -  cam— re lot, i n s  b e t w e e n  t o t a l  ozone , tr’c-: i cal ~~- - m  - a r a u r - : em

‘sear erat or ’ - , - s r i  so r at o s p h e r  is water vs p-ar n:oasur - o,r W:i r ; h I  r g - t i s ,
D. s’ . Cor r e l a t i on s b e t w i - o n  t o t a l  ozone ansi t -  -n i - e r - a t m ’ s  a~
-at Cf-in’ --ri , - -~-mnper’ m : t u r - n s is: the  st r a t o sr sk i ’:r-s -a r -i- C c - a n d  at a n’smni -r-

sf  n - h i — l o t  i t u d e  st a t  i - a n n ;  or :  a scale of 1 to 3 year’s [of. C ’c l i l —
n ct r ’a  -a t a l .  ( 1 ) 7 7 ) ] .  T h i s  may ‘us t  be a :‘epr ’ -:- s e m : m a t i - -n of  ‘she
:)ED. The n -i -  an- -:- also lon :oasr term ‘:-ff’t’cts , such as ::r r~ apr:-aront
1? :‘e-as:iown of ’  tOn QBO a::-soc i oted  w ith  t he volcan ic ur’utit i-’ r: ‘ D I ’

it .  - ‘sng in l9n3, wh ich is discussed f’u:’the:’ irl ,i- e-t t- L O S  ‘7 . 5 ,

:‘i- ri :: s i gn t f i ~s - tr:t l e n i n — t e r m  coo l ing-, in the N o r t h e r n  H e m i s p h e r e
at  2 1 -, -o 29 km a l t I t u d e s  of a lmost  10 K h e t w e e n  1957 and 1972
( n - f .  h e r - i n - a s -  and Manti s-, 19 7 7 ) .

It  is not  a p p a r e n t  t ha t  t hese  e f f e c t s  can  y e t  be im:-c c-r—

n -n - ra t ed  L - a mode l s  of s t r a t o s p h e r i c  p h o t o ch e m i st r y  ~n a sbanti f i—

cant way.

3.4 DYNA MI CA L EFFECTS

1.’,- — d i m e n s i o n a l  p h ot o c h e m i c al  mode l s  I n c - a r t - o r a t e  a t m o s r - k m 0 r h  S

tn-ar cs-sort inn a semi—phenomenolog-ical way , typically senarac t i n n ’
b r - g e — s c a l e  mean m o t i o n s  f rom sma l l e r  s c a l e  ( s u b — g r i d )  eddy t ranS: —
port , see Dan ielson and Lou is ( 1 9 7 7 ) .  The p a r a m e t en i z a tl  
seasona l  a ver a g es  and provides  a reasonab ly  s a t i s f a c t o r y  repre-
sen t a t i o n  of ozone , wh ich is c rea ted  and m o s t l y  d e s t r o y ed  irs  t O - .

* TO - : QBO 1:; a p p a r e n t l y  due to a t i d a l  f o r c i ng  by t h e  r l a n et  Mar s
w I t h  a period of 25.6 months (see , e.g., Fa irbr i dge , 197$).
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FIGURE 3— 3. Comparison of Time Tr6nds in Given Parameters Where a 1-2-1
Smoot h in g Has Been A p plie d to Successive Annual Values. The
16-km tem perature at the equator approximates the tropopause
temperature there . The d ata are ex pressed as ei th er percen t-
age deviations or tem perature deviations (degrees Celsius)
from the mean. The arrow at the top indicates an intense
polar cap absorption (PCA) event.
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:ct m ’ : t u o s p l - - r’c , m i s; i v i - l i  ‘15 O f ’ t om e n’ - d ’ c - - - Y ’;r- t m o m ’ : :  - , o  ‘to’ - : - t

: 1 - n  a t : : i s ,~~- h - r - ~~c r : u c l -n - ar’ t s ’ s - m - L o : :  i - a r i a .  F t  - : ‘ - r ,  ‘~1no b-a :. :c—d -

r ’ : i ” - f l  wa ter ’  v i i : - - - : , —: l h - : j i  mm 1 : - ( - i i , T h t  t o t - ,  t o e  , : t m ’ - O ( ; : n -  m ’ -~-

by tO’s 1{adle;. - ,s -o ll u p s - I l l ;  l i a r - m o O ‘ m i :  t ; - - - - r . i - ’ ’ i i  t r - -o~~r.i r  ~~~~~~~~~~~

e . , ha  l i n t -’- ’  — s -- s :: le m n n  I mm:: , m a r 1 -1 cm ’ ’ - m  . 1 -~-sf h -n:- m o l t , - ox c o t

sm::] 1 r ’ — : ; c a i e  n c - t i c -n : : -  s u c h - i’ :  i: r : ’ o~l s tm - - - r ~ -,’-n o~ to::. O’h:. m m ’ mo o ’ :

: ‘ e ’ s , r n - ns f to ’- -.- is n e a r ’  33
0 ‘- f o r t h  :j r ~s , - s n O b  cOn O a ~ ‘ : - o r - O u a r ; ’ - -  101

1- - - : i s - so -n i ’ c t e d  -,~‘i: ,h ‘s O s -  :- ; u b r m - - s : :, - m a l  ‘ e t a  :,n n-J 0 _ a - - . _ 1 0 - 5 : : :5 0 5 ’ ’ , i t S

o n t O  : - ~~iIey and Perr’ell c t - l I - m . r:1 ‘: m e - :;t n ’ : : 0 0 0 m , h - : r ”  0 _ fan s -
-

om 51gm 1 ito c an t  h o r i z o n t a l  t a ’ :r r r : : c - s - -t , s ’ s n r - l - - n : - - n i ’ s - - -~ ‘so s-oa-
n ;; -sa’,’r-cll i :rr r :u an -  0 _ h e  snr b~~-, - i : : r ‘ ct - n O r - e m s : - , as-so’s t o- t i  - s - I t O  o n - a
u;- -Jr:r t near (~~

Q
O 

~~~~~ :~~:t C- u t t :  a:, - s l a t e d  n -Jim 1, i o ’ :h i t o - n ’ -

am: d co lor  - a I l s -  of  c m ’ -. su l a t i n m - . ‘~h s s ms- or : : :. al - , m - - :- , n - n ’.

o f t - sn  n o n d e t e c t ab l e  in s - ama - i c r , s n i t h  :- -:-n i - ’ - l ow s-- s -a s 5 : ’

n e a r  t h e  p - l e n .  A rn -ad r e v i - n -~: c-i ’ : -a t h  t im - -n p -n;a ;ico  - - s - c
m e t er - i -sa t  Is - n  I s  j v -s n by  tonal ] son -am: - .i Lou S ~I ) 7 7 )  , ‘-sri- a .

ever , do not  say mo o ch sh o u t  the  ra’-:- ’m ’- l c ros  of m r - her- va n -- s i - m- -a’ .~ 

T h - i r ~~- is sorm :-n ev~ denc~c 1 nor ’s  t h i s cml r’-nu l at - i -  m i n i s - i l  as ‘ a ::~J I
0_ r ’ :s- .- -n n ’ :- , e .~~., ‘Je-i-ii es r et al .  ( 19 7 8 ) ,  woo ;‘ :i mcJ h to f i ’s ’r -  s - t m ’ s ’ ~n r h : i o
in -c errs s’s t I Sm - J O Sf ha l-  - c a rh ’ -n :s r t : - l  I i  near ’ tb -n  ‘:qu- r tor oh-a , or.

hi  - f o r ’  l a t i t u d e s  c -n r i s ~~s te nt  r - ;toh  t O-n p - i c t u i ’ ’ - - of E m r d l : y  ‘eli :~r ,—

:-,‘ - l l i r :g .  ‘20cr ’- - is -s s to :  ‘ a ’ s - n a so na l  v ar ’i a t  I n n : : t h i n -  , - — - - 
- -

:-tratosrch-.-r’-n—t s—t rop- -: -~;ph sr- -s t r cn s  f-in-’ a notc h n :c: -e- - - F ’ 0 ’  as i t t

ahi nt ,en ’ t h an  in su:sro’:m’ [se , c.:;. , I re it er  ( 19 7 5) , a: , : ‘.- ‘ ~ -I: my .; - ins

t h e r - c i n ] .

This rsicture d- ’scr iben; -:iS~ aver -ace  of  n- s-in l o r i s  or - mj ‘s — : ’ I - n t t’ - -
t ime (and space) scales from v-o r-v short to : ‘ m i t l : - - m -  10;~~’ , ‘- ‘b c-s -c

:-clative cormtribut ion is r i o t  yet u m : d - c m r - s t c ” d . ‘i i :m ; s , f
_ _
or -

stratospheric sudden, war m ing-n (C,TWa ) [s-ac -~u iroz et at. (l’-7 - 3),

i’Ic I n t u r - I f  (197-3 ) , ar i d  R .  9 .  m l  r : - m :  , g-n ’ i c - ’toe c o m o m n u n i c a t  1 or : ] in’ - :

von— v dr—irs --m t i c ns-henoriena , Oc:: : im-r i : :c :  i n  v a r - I - :  ole str-anc’th ‘is:- ’ m i ;

ma rty w i n t e r s , an-a of ’  a I ff’ er on t  s tr ’ - :- : :gths  F m :  t h e  l lo i ’’,hs~:’r: O r : i
F’ ‘-in h-sr-n HemI s b-nm’ - -s , l e a d i n g -  to  -tr ’’m rni : :t to en i h ams  ‘ - n cn:t -s ‘ rc t n - - i l - m -
s-p h e r -n / a t  ra to.: oh ~ i x i  ri g . h r  S - m i  n o  sul~~r .  t he n - .  I :-

~~~L. , 
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~—.-_—--— .- — -~~~~~
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i de u ce  t h a t  in t h e  y e ar s  or  rna ,i ‘- m ’  - s -t r a t  o sphe r l  c warming- : ;

(Wi: I nO ar’s c haracter’iaeu by reve:’s-’n ls in zorial circulation of

t h e  polar’ v -- m’ ue x it 10 mbar) the normal springtime maximum in

S t ra t o sp h e r i c  osone o c c u r s  s- i  gui ficantly earlier than usual ——

c f .  Zi Ili:-1 (1973), p. 133 I.n Mclnturff (1978), Ellsaesser (197€).

‘i i i  F e 3 .1 - i-s- ,~s a representative listing of Northern Hernispher’e

:~, .‘to; t~~ i- : t ’ C is much less evidence on Southern Hemisphere SSWs ,

b u t  one (a’ more) minor’ SSWs appear to occur during each Northern

and S - - sm t i i cr-r: Hemisphere winter (i.e., January/February and

Jaiy/Au-~ust , respect: ively). However , to date , no major warmin:rms

have beer :  reported it :  the Southern Hemisphere . In any case , to
da te , S�al’~s have not been i nco rpo ra t ed  in models  of s t r a t o sphe r i c
ozone .

It must also he stressed that t h e  parameterization of motions
as used in the  t w o - d i m e n s i o n a l  models , w i t h  a mean wind U (hori-

sontal , N—S), and u (vert ical) smn::plemented by subscale eddy

transport coefficients ~~~~ ~~~~~~ 
K is not necessar i ly  adequa te ;

certainly, smaller scale transport is not always downgradient ,

so that the parameterization in terms of eddy transports is open

to serious question.

In c o n c l u s i o n , w h i l e  the  s t anda rd  p a r a m e t e r iz a t i o n  can de-
scribe the long—term averaged overall motion of ozone and water

in the stratosphere , not all sets of values used for the numer i—

cal coef f ic ients  ~~~~ e t c . ,  are equally sat isfactory. Further ,

we know that there have been changes in stratospheric motions

in d if f e r e n t  years , assoc iated with such events as major volcanic

erupt ions (e.g., Agung in 1963), the quasi—biennial osc11l~~~ions

and SSWs [of. F i g .  2-1 and also Newell et al. (197~~) ,  Chapter 10].

The effects of these phenomena on stratospheric transport and

hence on the act ion of the various time—dependent in ,~e c t an t s  on
stratospheric ozone cannot yet be modeled adequately.

3—9
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3 . 5  SOME EFFECTS OF MAJOR VOLCANIC ERUPTIONS

- : i m - g - e  eru l  -t  101: of in - r m  i : ’ t :  - Ic r - c  h 10’ - o s - ’ : ! m - m -  - ‘0

a i m m u -  - - l i - - m i  t h o r n  wa -s a ’- i :n i i a b~~1 - —~l~ s-~ , d f t - s : m : i t  glob-;i l n i - n o w ’ n n - k
c a c a b t e  of m - r ’ - V L  I l u g  e:’ t F r - r a t e , :  a l  u~- m- isr’— - 1t m r i - -- ,: m h - r ’ ~ Os i’ ll -a .:
of s r ’o un d— i e v e l  ef l ’c ct s  . ‘i’hUs - , we h ay - :  v- - rr, mu-c trI une i i  - t m ’ —

in r :  ~m t h e  ~~C ’ an:r r erupt ion than on t h e  s i g r : i f i c a m r i n -; i ’ a ’s - - : r ’
on es  - i n  br ” - i ka t o :i  ( 13t3) an- .i of Tambora  ( ~8 l6)  f or’ :‘d i -so , :n

n-l ilt - i - -n to  i n f o  n ’m r: at  Ion on : hy si c a l  l e s-t r u c  t i - c m :  ~ani em : o r : f : O m 5  : e s

i n st  v e i l s ” ( b u r n t , 19 7 0 ) ,  ~e only  have data on dec ,r-:as-e,:- it

,-~urr ”tce t’-ni - -m r- a t m -c [e.g., b ewol l  et al. (19714), p.

Thus , we s u — - w  t h a t  t h e  v - l c :mnic  e r u p t i o n  of 14a’s nto r .  - t  o n ly

F m ~ m e- :t ed .Ini -go : : m n o s r i t , ~ of m a t o r - J a l  I n t o  tb ,  s t r a t o : p t : - - n -~- ( : : n-
,i~~Ct  i o n  2 . 14 and hgsper id i x D)  , b -at  al so led to an Inc ~‘ C O - - :  iO

e r - a t - a r e  In the troi I -n -u i a m i d  s u b tr o p i c a l  b a r ’  st r a  t o ,.. 
(m r ’o s u m n a b l y  sloe to a b s o r p t i o n  o r  solar  r a d i a t i o n  h : - ,- aer ’ -s -in,; u :
vo lcarn t i n i F n )  arms: a r : robab ly  n -e l a t ed  decrease  in t r - r o o m  ho~ ’ I O

and or - - - s r : i — l o v e l  temper ’a ture : ;  [see U -swel l  et oil. ( 1 9 7 1 4 ) ,
2 n 4 - U 5 7 ] .

Sin-n e act en’ Is thought to enter the strato sm— n em ’:: r’: m . - m

t h n’ - :gn t he  “ o m oi  d t rap ” at t h e  t r o p i c a l  t r o m - o m - c u : : e , r u e : ,  cm
I n  o r o p i c a l  tr o~~opause  t e m p e r a t u r e  wou ld  be e x m c- - ’ ae  o

F-sa d  to  an i n c r e a s e  in s t r a t o s p h e r i c  wa te r  v ap o r  m ont -nt , 0 0- :

IIo:’ieli (u ; . o I t .  ) s ug ge st s  that the maximum in n-n cti luct - rit - ,s I- ’ -

ob,mervations in 1967 arid 1968 may thus be due to tb-n /5sung

e r g  e ion , whi :mh raised the  t e m p e r a t u r e  of tr i o t i - on -  I call a m - -

~- ‘ iaae  arid t h u s  m - - ,-r ’ r r i i t t - - l  rrro r’ . water to enter- Oh - - , — ‘si’ .- :r m s - n - r : - - n ’ c -

Pr e s u mab l y ,  the 14— year delay between the crupti-an and oh -n oft”-

-on n o c a i l i r - n ’ :n t  c louds  is i- -s l a t ed  to the  t im e  r elu i r e- i  f r ’ ;-.” ton-
to he or ’anismo rtel f rom the  t r o p i c a l  t r o p o p a u m s -n to  t h - - 

~ - :  lar
st t - : i t o p a u s e .
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3.6 TROPOSPHERIC POLLUTANT S AND CHEMI STRY EFFECTS

As 0- n ’ n l m ! I i - r ’ , :t m I t m l i r i g  o t  t hin - - om ~)l ex p h u t o s h - : r r i i -s . - i l  i. nt --r ’ —

ac t  i o m r ~; o r ’ t i - a c e  5 1 ’ :- I c : :  t o  t i m e  at.-m- . : mm ia- m- - - ho,-; p m ’ - gr ’e :s-m :i ,

i on a l  t o - - m e s s e s  U s  i - i t t - h  a: rat o sr -ii-:ri - en-s -ne  rn ’s -i b e ai’rc’cted

F i : i v~ b s -~. ’n n t - - ’d . Thu:  , i t ln : o :  b- - m m :  :0.1 - ’  - ‘ - , : t - - n i  by  v o n - i n s : :  workers
in oh I , -. tO ld t h u 5 ar my t r - p o sp h  in- o l lu t  m m t , w t : i s - h o~r f ’ ect s  th e
OH conc ’m r t r a t  ion n u n  r-e ::-ult in c l : : m m ~- - : ;  to :‘, m - ’ m t o s r a o - r i e  oz o n e
b e - m u - u s e  re :ns- t i n  w i t h  OH is  t i m - ’  pr~ m s i - a l  t m - u :  o s p h - s r i . -’ -i-:’stru-m —

tion rm : - - c h - m m n i  am for ,;r-n c~ es such as ar id  011 -Cl. I f ’  dii  Is

rc-iue’i I (e.g., by react~~ur: .‘j i t h  C C ) ,  or enhar :s-md e.g., by t h e

r’ - - : nc t Fur;

HO 2 + NO -
~ 110 2 + OH , ( 3 . 2 )

t h e  r - :-p - : - - s r -h e r ic  1 1 b - m t  i roes o f ’ t h e s e  c - r : i n o u n d s  are a l te red  and
the ir’ :‘buxes into the stratosphere c h o m n v e . Increases in CH 1,1
l ou - I  to irm - ni ’ oased Hn-O at a l t itu de s wh- ’r ’ ] 110 < _ m e d i a t e d  ozone
d- : r s i ’ - t i o r m  is l o g a n - t a u t , w h i l e  i n cr e a s e s  in  m ’H

3
’in Increase the

-O1X e:’l’- .:cts.

These r’--liminary sugg’nat ions -ou gh t  tc- be cans Ocred in
d -- t ’i I be I mu d e l i r i r s t u d i e s .  In p a r t i c u l a r , if  gr ou n d — l e v e l

soar- : -s o f  h a l - ) c a r b o n s , h y d r o c a r b o n s , and f i x e d  n i t r o g e n  are
t i - : - - n  i n t o  n c - m o u n t , i t  is i m p o r t a n t  tha t  t r o p o s p h e r i c  as we ll  as
;;t rutn s-t h’~r’’—s phntochemistry should be i n c l u d e d  in t h e  m o d e l , - .

11-ste t h a t  the atmospheric carbon dioxide level has been

m ; i s m ’ - - u ;ima g 4 - i r m a’ the past 100 years or so , pr in cipa l ly  as a
r- s,-ni t 01’ b - 5 5 11 fue l  c o m b u s t i - - -n r e s u l tI n g  f rom the  i nd u s t r i a l

n-u -s ol o, i -  n .  : :- :su m a b b y ,  t h i s  h:-iu  l’sol to a nm - a l l  increase in
s 0 r ’ m i O o n ;  t m - i - -  o zu n u  t h r o u g h  char i r e o  in sto-atos-pheric temperature ,

:l - i di n ’ -r ’  (1178) crid - i n - ’ v ’ m s  ut  a l .  ( 1 0 7 1 3 ) .
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3 . 7  AIRCRAFT SOURCES (OF NO x~ 
H

2
U ,  110 ) 0N [ - POL KET SoOk i l t

A i ’ : : O i t u : : ot’ ’i m - : : ’ : r t ’ , a o j : - - i ,., , m -  : ; 7 5  , -

3 . 2  :i :-  ci b U r i c ’’ - ( . t  o r ’ : : l f _ I I  m 1 -  0 m m ;  iei - i i  . Tb- — - 
- ‘

A .  P .  l i tt l e ( 1 0 7 - . - ) , - - ci - - - c c ’  od ma h O  n - b -  - -  : -

(1 1-’ ’ ) ,  n - . 1 — 3 0  :0’ 1 - ; ’  n- h --n ~‘ :ue ~ Of - mi ’ - ,  
‘ -

on n i - .: an ’- - :- - - r UTs - - : t I . ’ i  1 -
- i m o m o  - ‘‘ - 1 ) 0  - - 

- - 
- —

m.  : n m n ~.- r r t s  c c i  u p ;  r - : - : i n n t . il;/ ~~-1 :~~L t O - . - - S -

~o ’e r - a ’  i - nm : :  h o  e n  acer :  r r n :~~ - I: Jc f ’ 5 :~u m F o l s  :1 - -

in n ‘omnu t i t c i  S Ld~ S :t I m a e  i i  h - -  I P bib : . - - :  , -

f a 0 p a s n - - - m m c - - n - -  t :  1 : - - - : -  : 0 1- (0- - - I r ’ - : u  6m5 ’ m -’ -
~ 

-

. 077; i l - F l .  a c t o r -o r -  ic , - ’a , u .  -- 0 7 ; m l : .  . — - .m l r r :- : .
9b 7 )  a - : .  -ar m c m n m : : a a l  ir s-n - c -a : : ~~~ n - e r ’- n cmc!L ° - - : -  . r c - i - -  —

p o u n ; - 1 - - . I .  i h i  be m c . s ; e r : g e o ’  b - r a v e l  or -i s s c } r : - c i ;j  5- LI a ir’ ! - ro e -: a d

1 :  - - r m i : , s - o f l z  are :m--t st~~ictl 1’ çsr’o; ort .nmrr ~ l , : m d  l i - t a - - - - :  a U - :  ‘ 1 ’

a l lt h  in: i :ns t e n t s  I n -  ‘ - n e - - m m :  ~ : - r - - ,-!:ia b 5 - ~~~’; tb -n - .n I r — . I ° h j a .
i ’uaeni :ohlln :;calh ;~ t a c t  ma: ; nr -  r - - s r m n i -  ~~~

- 1’b~’ ’ i m : ’ e ’ t F - ~ :n -:O~~ ,-

of T u L l e  3 . 2  to ‘sb - sn- T r i m ’  -aim :’ i. I ii- r ’ vein’ :  a ’  - ‘ I - i ’ - ; : Ta ; 1:

Ro ’ : ’ i l i m a ’  he e ? f O - s t .  ~~ in ate:;m - , — o , u-; --:- a i : - m 1 : n : s -  Iu ,~ -z c t 1 o n , ,
m i - c a - -  t h at :  s : : i F m i ~ f’ n’- :-rn t m - -  c - ’s ] - - n - : t u t I n ,: ‘ - : ‘ 014 - d o: c- ’ I

( 1 9 7 7 )  a:- ; 0” ,- i n d h ; ’ ’ , 0 1 - l a , 0 : :  - u r m - ’ :’ ‘~~~ 7 - ’ t o  toO --
a e o - - u m n t  ~ h i m : a ’ - ’s- in :  :in r m i hI  ,-.- n - u t - ’ ,. :a; i :ra’~i , a l -s Ic- u -a 5’-sv :’ L -

In  t he  r ’cm :e -a - n o - t r o t l~-~ :~ 0 m m - s  r’ .ma so  10- 1: ( 3 . 2 )  P -
- -n m a - s t i:’ -4 -)

[h ow -  : 1 an- i  - 1-s --s m : :  or :  ( 1 9 77  ) mat - i -at b - s m ’ mo o ‘a j or~- - - 05 -U :55~. - ’~
s - -mu - - o z o n e  ci-  a s ’  r- ’ L . u t  ‘ on a m ; : , is i- - n ”  h s t , l o r , a n et  oz o ne
-s n -ease  of ’ -n - i - n- -0 .3 - ‘ n ’  ~ ‘ m ~O - C) rt:’sult he m:; .o s’ n a-m s - a ’ e t c - -; ’ :’~

~- i : - r r :e- ir- .
’e— ~~ ‘ or: a~ in:: 0175 m i n e . i-vicl-:n t ± y , in ::- ef’h-n-:t :

- nt u a l  a n-nr ’af: or - - m r - : - t  lori s ioii’ i I - ’ t h e  1°5p t o  10 75 bO -ow- i-cain -

1, -; o , :m - s h ,:m: 11cr th a r :  ~ l0 F c-sm-s e oh t~~e ‘ i -mr  t’~~t u- - t fl5 ;‘~-~~se

l n ~~i c tj ? O s -  srmom ’ : m~ in  T o m b l e  1 . 3 .

R o c k et :  s- ur ce s  s- -mu ’ - -  very mooch I i  n - i  no t h i n -  1905 to  l 9 7 u  - me

n s e r i - s -i : c - s n - r a n t  e a t i r r a t - - in  hid c a te  t b - m t tb sp a n - c  m h ; m t  a T - -  la m n - - t - - n

-r  y c - a r — — w h  ch wo ’-;l d r n p re : :u r :t  a tam ’ ar- - -oatc” a ct  I:: ’ 0 t - 0 oi a i m : - ’
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dur ~~~,~ ~~~~~~~
- 1) - ~~ to 1975 time frame——would produco a steady— ~-.tute

ozone  -11 , -~- J ,~.-t  ~on of’ order 0.2 percent [see NASA (1977) addor,ciwr ,
‘tl~~ ’- ~ L 4t ’bL  1- ’ .; ( 1 7 7 ) ] .

TABLE 3-3. AIRCRAFT EMISSION RATE S AS A FUNCTI ON OF TIME ,
NORMALIZED TO THE 1 975 EMIS SION RATES OF TABLE 3,2,

Year 1955 1960 1965 1970 1975
Emission Fac tor 0.17 0.27 0.41 0.64 1. 00

3— 18
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4. DIS CUSSION OF RELATIVE EFFECTS AND UNCERTAINTIES

i.u- ur ~ i er s t a n d  t r i g  of t h e  relat lye ir~1 1,p~:.1 rr~ce of  ~JO , HOx x
: 1, ~-: I ect  teflS to ozone has L-een c hare” inp’ r - ’.iJ - I dl:, n I nce

1974 . Thu s , it  1. s now t h o u g h t  that C1X in j e c t i o ns  a re  twice

as ef’f1,’ctive in reducina ozone (relative t~ ~~ i.n,~ect ions)
- x

as was the feeling in 1976——see , e.g. Nat ional Academy of
,- : e n c e s  ( 1 9 7 7 ) .  These changes have r e s u l te d  f rom r - - v i s C o ’i
ect : aa t - s of r e a c t  I a n  r a tes , t he  most  im~ -:-r ’t -a r~t of wh - -.~h s f - - -r ’
13 2 + ~O go iai : to OH arid NO

2
. The r s t d i r e c t  me-’reur”’:- er~t

of t e  -~ r a t  ion  ra te  was made b y  a w ar ’ -J and I - V - l i I i eon (1 177

~ee H c m  re’-n and ~a r v t n  ( 1 9 7 8 ) ,  o .  38 , fo r  a listing of o4 -~~r

re- ’I s :l r e m e r l t s .

Predictions of ozone reduction due to the nuclear test

series of 1961 and 1962 have been changing; t h u s  Chang et a l .

(1977), using a one—dimensional model , predicted an 8 percent

ozone reduct ion using l97~4 chemistry as against a 11 percent re-

duction using 1977 chemistry . Their estimates of injection

height are higher than those adopted here; our estimate of in-

jection heights should reduce the expected ozone depletion still

further. Explicitly, in 19711 it was thought that NO
~ 

inject ions
reduce total ozone above 13 km , but  increase it (by “smog ” re-

actions) below 13 km (cf. Johnston , 1975). By late 1977, this

cross—over height had gone up to 17 km (cf. H. S. Johnston ,
private communication ) which , together with couplings between

th - :-- hL~~, 110~’.~ 
and C1X cyc les , con t r ibu te  to the Chang et a l .

( 19 7 7 )  r e su l t .
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, : t t i  - W  0 01  ‘~~ t ’0  t 1(0~ t~~ i i .- ‘ - ‘ ‘al 00~ :0 - ‘,

I t ’ - ’ -  a g~ ver a i X  11t  c ot - - n 10 t’ - 1 - ’1 1 , -’ t i - j r -0. 1’ ir ~g’o as

w o o  C x l  4 ’ ’ -a] ~n i t — — 0 0 l . , ‘ - .g. , hA -A , 1 ~
‘ -. I - I - _ C t -i ~~~~~~~ ‘

~~I I J I ,

~~~‘ 0  t H - -c~ :: 0 ! t ’ 1 J  ret -i - -no JO - I of’ V ( 1-l ’i ! i ’ ’ ~~ t - 1 t  t -‘ 0 0  [0, - CT ’ I a  L i v

t i i ’ o  L t t t e r ’  in ,~~- - 2 t  a : - Iluen J I CI , r n t o  t h e  . r O r ’ a t o s l  ‘ . -

,- 1 : i .
~~ - - , L ~~~~~ ( oy ‘ li i i : -  at  1] .  ( 19 7 7 ) 1  na ,’ -: 11 7 ,- n o  U t 1” ’ !,  1110

,I ,)I - —  I
~~~~~~~

. 1- -i ‘ 1) l~ -~ ’ -~~ l i t I 0 t h  O t ’ ’ t o  n o e l - a r -  - - s t  lco - -3 .

I t  is r ’ O o U O b i y  im p o s s i b l e  to  rco ’, ’o a r r 0 7 1 e  u .U , t : t a U,

es ti : : af . ~ of i -h e  v a r i o u s  u n c e r t a ir . t -c-s J o  t~~,e ca ’ a. ’ , t . ~~~
‘ :3 - -one

in-.iioat I -ir s can  b e p r o v i d ed . As f a r -  -as- roo t Ic ~- x r  i on  ,~t

t h~~rc are iocerca r~ties in N O r~r o d u c t i - - r / - ’ , f r - - 1r’ (- 0 .~~~ t o  i .  5 ) -

io 32 r : ’o iecnl es/I ’I t , j r  i n j e c t- i o n  h e l b . ( s ee  F i g .  T — - of r’1 t 0 0_ -

dlx B), an-I in detrainment (see Section B .3 .7 of’ 1.. : : - o r H . I :-:
Fe gar-lln- ’ halocarbons , production and in 1 ec ’ ion ratt-s ore r
su.ma bly -s -alto accurate (+  10 r : e rcen t  far -  i’re~. I - : - r . ,  , t - r - ’- -d, - ‘

worse icr atrnocrheric injections) , a lt h c u a } ’i -d f’ f’eo ’- ’n ’. -~a ’U . ’- .o t e3

f ’r ,r ’ current c a r b o n  t e tr a c hl e r- i de  p r - : - duo t  ion  d i f f e r  L : 20 ‘ -c 50
*

per cent ; t h e  main  u n c e r t a i n t y  here Ia v~ :c- u cy tr- r - c - sr ‘nenic

transport and ~hotochemistry , in part ioJar , tne coocer.tratico

of OH and/cr other reactive species w h : ch  - J e s t r - c y  4 ’he ae  na ’ -.o n i a l s
in t he  t r op o s oh e r e . The i n j e c t i o n  es tin ot , e s  :‘ n r  v o l c an i c  --c- ar —

t i - an s  l i s t e d  in Tables ~— a and 2— 7 are  cv i  l ’ - a i v  , : t c  c c - c r .  As

far as cosm ic ray effect- s go , data on the I 9 ~ n1 1)- 1 75 one
J u l t e  i ln it c i , b u t  s in c e  the  e f f e c t s  of N7Fs (‘r of , f - n
t h a t  r7,atter) are not very larar , th~ s ar.cer’talnt ,’,’ is  cr07’ t

not ver y Ir o r t a n t  . F i n a l l y , r~~g a rd i n~ n i t  :‘° ‘ec fix.c ior~ .

A very  T o - - I r -o nt  n - t o  by ‘- t i - - f ’  ‘ -‘t o l .  (i - ’ d )  or t b ’  r - ’ac 0  0’ . of
s t r a t o s p h- - n i c  fort-to Hebydo- -, -,- i t h  - t o n i c  c r i 1 o r ~~r , - ’  1 0  O t ’  - - i T T ’ --

tt~~’ r e l a t i v e ly  n _ C r ’i. 1111 oug~~-ost :, a -x I ’ : t C I~; a 10 c -r n - c u t
r e d c o t  L o i n tfl s-i’t i :,itivit y of ’ r i  ra . t - - - o r - h e r t - r  on ’ - ne ‘c o h l - ’- r ’ ~~r , e
t - - - r t u r h a t i -  n o .

** This  un c e r t a i n t y  is no t  very  impor t an t  s i nce du r i ng  he 1955
to ]~~~~75 t ime period the principal st:-otosphor~-c “f’foct of flY’~~
Cc-nez from t he  large pre—1950 injections (w }icl ; r i ’ -:- rela t t ve ly
well kr:owt,) , rather t h a n  fr om the  smal l  p c - s t  —1 950 1 r1 , t ect ior:s
where tb --re is a rnajc r’ discrepancy.



—— -

- n o  , I i ’ :u i ! r - ’ui ’ ut i c ent ri  r t  b :  in  ,n ~- n i  H’ ‘g i l  f ’ix r~t i o n  by c - a r - —

f - : : r f  I i i , iii t b -  t o t e  :ni -l !r’ - i i o t  of’ -ie r~~’ r ’ f’ ’ - o r t b o r i , m d , t i

I - l i t i c u iar , ~n t } i - ~’ f 1 - - : a r - i  t LT U 1 - ’~ :t , , ‘  7,O in  th e t r -  ao :- n r , ’ - r ’ - -

o:i-~na i11 t h r o - .: f a c t o r s , I t h i n h  t h o~- t b~ U n - o n - ! a l r t i - - ~ in

v o l - - a n i c  i t I e ’ t i - - i : ;  t H y  s- - il  bo O f  g r ’eat e :- ; t r i  a i f i - r a t i c e  lt:

- r - t : !  - s t .  —

-2 - -i a r - ’ I  :‘. i t n  t~o ’~~e j~ i i - o t b o t i s , th tc ’ T i i f l” ’ : ’ - - t : t t ’ i ’ C r t O : ’ o d : : ’, —

-T h a t  t o t ’  3 -‘i r e  fa r ’  mor - o u n c e r t a in  i t ~~T 1 ¶ 1 1 —  NH ‘ ‘reef , o t i s

1 L m i ’:ar, 0310 11 - -to ’  ov a l l  u n d - - r ’o t a n d ln ; -~ may wel l  a f t - -st 0 V 4 - t ’ O l  1

r ’ - ’ i : c t i - t n s  to  ‘ i o - Li’uif ’ irein t exf,-er ~t .  In p a r t i c u l a r , : r ’ Jo- err —
t i r e - i t - e s  0 1 ’ n -sLur’ ~JV v : r l r m t ion :- aoO ’lr i  i n  F ig .  3 — 2  a l - t i’,’ , O l i - J  i f  tb-s

spa r d  L i i - :  t r o d  i t  .1 onrr o f ’  an 8 pe rcen t  O s a r r r  o r ’iat I ~ n ii - —

- - - - i ,  o l o r T J  ! mLa ’ t t i - l 1 m a x l n u r : i  du o t e d  ~~ i i  N ioc t  No- n 3 .1  - a -  -01 !-~~~
‘ - —

r i-re - - , tb - s n t h i s  I : ’- r - r ’ u L c L ly t h e  1 - 1 a - oo t :: i ro ”le  tis- :— v ’ :-;;ir:c

e f f e c t  d u r i ng  the  1955 to  1575 t i m- : ’  fr ’arna .
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APPENDIX A

STRATOSPHERIC BURDENS OF NO
~~. 

HO N , C 1X , ETC.

I- n - r ~I~ -:~ at i t . ,  it La jesl r Ule to have estima tes of the

t- ’ ’t  - s t r ; : t  o s r - h e n ~ U :n i ’ - r  of t b ’  
~~~~ 

HO , and C1X groups of

l ec . 1 - s .  Ti -? r - Cr ’erN e,-Stl :-:b. -s are ve ry  poor t h e y  are based
r - I : - n i i y  Or: a ’ r ’a i l a L l e  c x :  ~- r’ L- - o ’ -il da ta , s u p p l e me n t e d  by c u r —

rn -r d tnec- r --Ucoj cc-r : trut 4i i nc of - I 2 r u t z e n  et a l .  ( 1 9 7 8)  and W o f s y

(1970).* It sh~ -llS be n ot ’U  that the stratospheric mean life—

t i m e  of  HO is si~r r : i f i c a n r : 1-i s ho r t e r  t h a n  t h o s e  of SO and 0- 17 ,x -- - x
so th e r e l a t i v e  im p o r t an c e  of HO , 70 , and C1X perturbations is

not sims -ly  r o o p o r - t i o n — i l  to  t he  respective r~umb er  of molec u les
injected .

For some of the rn- - n - - rea-c t~ ve species COH , HO 2 ,  Cl , CL-I )

we only  have a d a y t i me  p r o f i l e  n- -ar 300 
N latitude which is

t ok e n  as a g lo bal mean .  Thu s, for 
~~ 

and C1Y, species , t he
global burden is taken as this integratad profile multiplied

b y the  s u r f a c e  area of the  ea r th , A 3 
= 5.11 x 10114 

m
2
. However ,

for  HO spec Las w h i c h  are produced  by sun1~ gh t and have  a mean
l i fe t im e  less than  12 hour s , we use on ly  the  :— u n l i t  f r a c t i o n  of
the ear-th’ s s u r f a c e  ar ea , Ad = 1/2 A .

A .1 OXIDES OF NITROGEN

so = NO + NO , NO = NO + HNO (il Or ,  etc., are sometimesx 2 y x 3 2 i

~n c 1u d e d) .  E s t im at e s  fo r  110 range from 6 . 14 x l9~~ m o l e c u l e sy 14(Johnston , 1975, p. 5—109), to 8 .5  x 10 (after Penndorf , 1577)

or 15 x 10~~ ( COMESA , 1975 , p .  2 6 ) .  We sugges t  ( 1 4 — 1 5 )  x lO~~
as a lausible range .

*

N- - rn- - of t h e  number ’ ,-: arc written with three digits to niinimize
i n t e r n a l  r - - t i n d — - o f f  c r - r - — ) r s :  t h i s  doer ’  not  i r n ç - l y  s i g n i f i c a n c e .

A — 3
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A .2 OXIDES OF HYDROGEN

10 = OH + IIu ~ ( H 0 09 ~~~ n O  i r r c 1 i J o ~i ) .  For 911 , ;‘,‘e
use C - sir ’ o (l 7(), i i . l°Jl , F i g.  28 .

A 1 [ [ O i l ]  -iz = 1. x ~ o~~~c c L - - s  ( t o )

11 I-u::

70 Ir r r
A f [O i l ]  do = 0.4 x io 32 r : n t e c u l e c :  ( l t . )

d 
- 

( r ~c~t i n c l u de  I h - o r - - )
jJ P:

- . 32r’h g i r r e  la f r o m  n r u t z e n  et a l .  ( lj 7 8 )  ~:ve 0.95 x 10

molecules , art - i Pig. 6b f rom W o f s y  ( 19 7 8 )  d y er ’  1 .5  x 1O~
mo1ecui-~-s , both for’ t h e  st r a to sphor - :-  a lone , 1 .e. , 11 to 51) om

alt  t O - i 0

N - - j s o r -~- rra- nrts o f  HO 2 3r’ -~ c u r ro ot l y  l, -~ ) rs :-’ m a d e  by  at le a st

t h e N i x  P l a n c k  Fr:  - t  t n t a  a i d  t i ~~ t J r i F v - s r : i d y  o f  1-7 -: : Laar :  -‘c-i a n ,
but I ha ’;--: not. y e t  se is s u f f  I ci ent - J a t a  t o :’o-6 :e a oct  ion o ’ e ,
t h u s  pres-ont model estim ate s :

3 x 1032 (0151’ , -
~ - t o - -  r ’a :  U 1,

50 km r - . - — 6- , :‘epees- -nat cr —
c i v - -  v-a u s )  (2)

5_ i [H0 ,] do = C x j J ) ( C  1 t zr - r !  d o  al. , - iot a  
- - ~~~~~~~~ 1)op au e 

~ 10
42 

( ~~ , i - t a
Ci  s:r- ~

Tb -so e x o - - r i r n  - i t O]  ! sni - ‘rs th an ’. I i n - ye s e a r :  so: inapt

C r a b - c o n ’ s r at h e r  t h o r n  t J o fs- : ’ s r n umb or - s  . Th is , one can saw ‘:hat

c urr-:r:s- ex t  I m a t e s  f - - c  t he  lb = OH + lid border: in t he  st  rot
X 32 2

sr- b r- - : h o  in the r :- n r l c r 7 to 16 x 10 mo lecu l e : ; , out  ~v i d e r ot ly

t i - -  r- -s-liabil it -; of these fl r ices  i s  r i - a t -  h i n -’h . In  f a c t , b o t h  t h e

~-r - : - ) u c t i o n  :nri-:1 - i c s t ru c t i on i  r a t e s  of HO r a d ica l : ;  in the  s t -r - :t o—

-4 r - 6 v - r - :  ~t O ’ -  -i -o r ’; h i  : -~h , so t h a t  w h i l e  t h e  burden of ‘lo x 1 :  l a w ,
t h e  1 r i . 0o ct  i o n  o r  a i - i i t i o r i a l  HO w i l l  a C f - a c t  t he  n t r : r - - s :  h e - r io

x
l - t a t o c h c m i : s t r y  t ’ r- o n l y  a r e l a t  i v ely  s l s - r - t. t- 7::- - - .
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A . 3  CHLORINE RADICALS

Clx  = Cl + ClO + ClO 702 + HOt . HC1 a t  
- to  r , e  t O o  mo os

abundan t  species [-see Sundararaman (1976), p. 12; H~nd~ oi, (1577),

p. 97], for which

50 km

A
5 f L H C 1 ]  dz = 1.07 x rno1 ecu1~~s (

~~~~~)

11 km

Three r ::easuresoent s of C1O have been r e r -o rt e d  to  l n a o r - r ’o r .  e ’
al. (1977); SLat’ : i ff e r  by about  a f ac t o r  of 10.

50 km 0.0’) x 10~~ mole cules
-‘ I ~~~~~ d - ( la r b es t  ‘J@lu e  ) 

-°d J ~ 4 Z — 
3 . 0 2  x lO °~ mole :: ales

11 ,-:s ( sm a l l e s t  -za lue  )

The 0th -na -oci~ s , -Cl O • :02 anJ Cl a-ave root t-~~en m e a s u r e d  in
t he  s t r at o soh e re , and toos we are forced r o r e l y  on mode l  c a i : u —
tO tiont

50 km 1 4 . 8  x io -~
2 molec u les

I [p lO ~~~ ] = 
( C r ut z e n ,~~]3ig .  l a )

d J - 
2 

- ‘
~ o x  1)-~ - m olecules ~t ropopause  (N u r c r - cn~; et al . , 1978 ,

u p n e r — b o u n d  e s t i m a t e s )

0. ‘— x m o l e c u l e s
50 km ( C r ut :~~n , F i g .  la)

1 x lO~~° mo lecu l es
A [C l ]  dz = ( A n d e r s o n  c~t a i .  ( c )

- smal1e~ t valu e )
t rop-a -c au se  5 x 1O~~0- mo lecu les-

larnr-a :;t v a l u e )

Thus , we c o nc l u d e  that the cUrator ’ ph- i-H to u r - d a n  of  CL- . l i e n-

in  t he  range 0r (1.0—1.2) x l0~ molec u les , w i t h  a 1ar~te u n c e r —
taint y.

Pi g .  11-a o~~~C r u t z ’- r :  et a 1 . reports the b-:nr - i-:ns of P01 - n i t  0-10
0:; 37 x 10 ~~ an—I 3 a: iO~~ molecule s ,~~T-a - ; c e c t i v e l y ,  so t h a t  0 - h e i r -
meant b ar - l en  of 0- 17 :‘.— a o L d  b e 0 . -~ x l f l — ’ m o l e c u L - s ;  P ig .  ‘i of
Wofoy (1578) dives 0.1 x 10321 molecules.
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A .4 SOME OTHER QUANTITI ES

The s t r a t o s p h e r i c  b u r i n - r :  of w a t e r  is l i s t ed  as ( 1 . 6 — 2 . 2 )  x
kg [cf. Oliver , 1977, N- . 14— 9], or (5-7 ) x 1O~~ molecules.

Hegard ing stratos l-heria aerosols , it is irrn:-ossible to make a
meaningful statement , since it is considered t h a t  o c c a s i on a l
large volcan ic eruptions are the principal source of this mate-

rial. Thus , In 1972—1973, 14 to 5 years after the last sigr :lfi—

cant explosive eruption (that of Fernandina in 1968), t n e  g loba l
load ing was of order  ~o

8 k g ,  but the eruption of Foe-go in 1974

probably  put (14—6) x 10~ kg of aerosols into the stratosphere .

See Appendix D for a more detailed discussion.
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APPENDIX B

S T R A T O S P H E R I C  I NJECT IO N OF O X I D E S
OF N I T R O G E N  AND OTHE R MATE RIALS
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A P P E N D I X  B

S T R A T O S P H E R I C  I N J E C T I O N  OF O X I D E S
OF NITROGEN AND OTHER MATERIALS

BY A T M O S P H E R I C  N U C L E A R  E X P L O S I O N S

B .1 I N T R O D U C T I O N

F - a i e y  and Ruderman (1972) pointed out that the theory of

the der-letior of stratospheric ozone by oxides of nitrogen by
Sue re— cation chain

0 3 + N O NO2 + 02 (1)

i0 2 + O - ~~N 0 + O 2 ( 2 )

O + O
3~~* 2 O 2

len-i s i t s e l f  to verification by studying global ozone changes

relate-] to the Soviet atmospheric nuclear test series of 1961

t h r o u g h  19 6 2 .

~-::~p l~~-c i s l y ,  an a t m o s p h e r i c  n u c l e a r  e x p l o s i o n  p r o d u c e s
nitric oxide , mainly by heating air above 20000 K; during the

cool ing to  a m b i e n t  t emp e r a t u r e , some 5000 to  10 , 000 tons  of NO

~cr  Ft yield remains , and rises into the stratosphere for yields

m i  t h e  [-It range (see Section B.2).

n: 0r  on - - n t - a t  ton on the scale of the bomb—induced perturba—

¶ -on , t h e  l a r i r e st  s i n g l e  t e s t  ser ies  ( i n  t e rms  of t o t a l  y i e l d)
7 ho S o v i - : t  s e r ie s  of Fall 1962 , wh ich accounted for some 180

Nt. of ’ ‘otal y i--1- l . In terms of the current estimates of NO pro—

s~~~ - t :o ni -- -n’ Ut (St -’e ,~ e c ti o n  B .2 , e s p e c i a l l y  Table  B — i ) , t h i s

a: 11 - 1  -
- - r r ’ - s p  - s - i  o an in .~ect i- on of ( 0 . 7  to  2 . 7 )  x 10~~ NO mole-

c u L e -  i n  b - h -  - .0 rd a s p l : - -re over a p e r i od  of several  months
B — 3
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( 5  Au - russ to  25 December l9t2) . t h i s  i n i H - o t i -a- ri i n  t h e  rio i - t n - - c - s
0 . -n o l a t -  c a t -  o r  t he  s tr : - nt o sp n - : : - - : ( i n n - o c t  ;c - n at 75 12 laS 1~~u a e )  5:57

Pc coat- u- - - - ]  a i t h  t h e  , -; 1- -b a l  i o a J i t 0 ’  of s t r - a a ~os~- h : r ’ i c  II ( =  NO ,

+ f i N - C ) ,  eso  [ s i st e r ’  of w h i c h  r ’ans - -  f r - - a ;  ( 1 4 — 15) x ~~~ m o l e c u l e s
(s ee  St o n - I  i X  A ). o-; -.: r’o--: that t he  t ’ ;-a c ti on ;i l  o n h a n c e t r ~ - ni 1. of
‘S or- ‘I)  in t h e  : n o x - t h e r r i  po la r  c ap  n a - s i a n :  of S I : :  at  r - a t o s r - h e r -~-x y ,- - -

W t , ;  v~:n~’,’ laroea . In t e r m s  of the models of stratos~ h - - n - i c  oz r - n -
o t ’ S h e  1973 to 19714 time ncr’ i n-i , w h i c h  ~- ?rn0ph:1SiSe cc - a t m  -1 of i t  no

s o n - n - i t t  r a t - i o n  by NO r r i d  ni t so by hit) (=  OH + HO ) , a d~~tt:CSOt le
- x - x 2

r - - i u c s  ion i n s b - n - a t  Os Tho r  i _ c ozo ne m i g h t  Drive been expected . Ph- -

earlier (1973 to 19714) m odels pred icted a m a x i m u m  h e r i s p h e n i - n

o oone n- c-nluct ion -o’ 8 to  10 p e r ce nt , w h i l e  t he  la te r  ones } - 1~’ - ? - h  n e t
14 to  r- n -er -cent , ~- f  5Th: r ig et a l .  ( 1 9 7 7 ) .  The da ta  a n a ly s i s  f-n -
t u t a s  oz one  -~ i v s  95 ~~~~~~~ nt con fidr-ni ce interval bounds of a 3

r-er cent v a m r a t i o n  i n :  t o t -a l ozone  ( J .  K.  An g e l l , pr i” — at e -cent - - m i—

cat] - --n) , w hi le  H .  N .  J o h n st o n  ( r n  va t e  c o m m u n i c a t  I - a n )  f i n - a s t h at

when  a 10 p e r cen t  nu l s - e I ci ,[ co t  ion  is a pp l i ec  to  t n t -  o:-~ r :  l a b - a
w i t h  b - Dc-  A i r  e l l — k - a r s h - - v e r  ( 1 9 7 3 )  smoo th  in s , its cffe- :-t - [ 1 sa~ t ear’s

i t :  t h e  no ice. Tans , or:e can best summarize the situarc i -n: t o ’

r o a m a r k i n n r  that w h i l e  there is no real  d i s agr -eemen t  b e t w e e n  n o - c —

-dictions and observations , ex isting atmospheric data on nucl- -ar

e xp l o s I o n s  CL not  p n o v i - I e  a s t a t i s t i c a l l y  s i g n i f i c a n t  d e m o n , o t r a —
tic-n of the catalytic destruction of ozone by oxides of riitrc- r- - °r: .

To da te , h o w e v e r , on ly  o n e — d i m e n s i o n a l  model c a l c u l a t i o n s
n-:ave been m a d e ;  t w o — - l i n e n s  i-anal  m o d e l s , w i t h  l a t i t u d i n a l l y  an-i
seasonally v a r y i ng  dynamics , i-cay indicate space—time mcci ons

wh- -re the effect’ s hou l d  he most  a p p — a r e n m t  , nrc t h a t  a m on - c  cn i t  ] —

-sal  c o m p a r i s o n  w i t h  t h e  data  could  be u n d e r t a k e n , h e a r i n g  i t :

mind that after 1955 a ‘ir- c-und— ba~sed network of some 24 5 to 03

D L-s n n  c ne c t r o p h c -t o m e t er - s  and [- 1—3 3 f i l t e r  cs :onometers  has  t —~~en

o;- -: n”ational , su pp l emente d fr- -a rc 1) 70  to 1977 by t he  b a c k a c ’o O t en ’ - - ]

: ] t r u v i o l e t  ( Bu y )  in s t r u men t  on t he  N i m h u s — I V  s a t e l lit e .
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‘U -  t - r e sen t  — I i  s c u sn ; i o n  -i-a c - cn i b -~s t Oe  ,hjsics of IS~~ p r - e r

o ion  by a tmo r’i - h l L - r - i c  ::-rc-lear e xp l o s i o n ; :  (Sect i-an B. 2) , the alti —

tn-i c of ir : , t e ct l o i :  as a funct ion of yield (Ca cti- au B. 3), .:- :o :

ether- c h e m i ca l  luctors (Section B. 14) arm -i a 1iatic ;~ of ala ;-~tmo- —

h e r i c  t h e m n - o n u c l e : cr ’  ex p l o s i o n s  as a f u n ct i o n :  of in t o , b oat  I on ,

an - i  y i e l d  ( Se ct i o n  B. 5 )  . The r e s u l t  of Sect ions B. 2 So B. -C

t-c’ -jid~ s no l i st  in s of b omb — n -mo iuc-c-i Il -C) i i :~~-act  i - a n n; a ; a f -an t i -  a

of : -o s i t i o n  u r n - i  sTifle (Section B.6 , -a -; ’c cl;il I , T a b l e  h — l 2 )  , -m i ca

Is I n t e n d e d  to  ;-r -- - -1 C e i n :  at  dab - n f o r  t c - ; - - — - I i : : : - : n s  ic - ti - 1 -n-cs-ut-o n’

cc -de s  of st i’a to n ;;-D-:ni - r-h nt -a -checc l stry and dynamics.

B. 2 NO
~ 

PRODUCTION I N  A N U C L E A R  F I R E B A L L

A nuclear weacon ‘ar -I too a very l a nc e  amour : t -o f’ ener ’52 ’ i s .  a
12very short. time (~~b0~~ se-a ); 1 :-:t = lO~ Hcal  = 14 . 2 l0~~

2’oule . Host of’ the close_i: action takes place vent; run 1 -i lo - ,

tans in a time order of 1 see , a “fireball” is f o r m e d , ;-co i c : ,  I a

a mass of heated air (~~10
6 5 a~~~~s/ :~~t 

~j ie l d ) h e a t e d  to- a oes.; e :’a—

On ce of order (0000 H . At t er s o e r a t u r e s  of sh~~s cr- -jar , 9. -:

in air is fully dissociated ar:-i the nitrosero is to ar-t iallo ii:—

onociuted. The :~~~- al mass  of ~he na-ole -a r’ w a - aco rn i s  e r I - l - n~ i~’
very small c-om pared to the mass of the heatei air , as an. -ace-r H.-

of 1 I-~lt co r r e sponds  to t he  c o m p l e t e  f iss ion of 56 [cc of fi~~s i - :- --

able mate r ial , wh ile for  f u s i on t h e  mass  i s even  low er , by a

factor c-f almost three .

“The color of th e (rad~ oac t~~ve) cloud is initially re- -i cc-

reddish b-- rc;wro , -duo to the presence of various colored cor-r- ou :nds

(oxides of nitrosen , especially IlC~~) at the surface of b-h’- fire-

ball. These result from the chemical interaction: of nitrocen ,

o x yg e n , ari d water vapor in the air at the existimcr hi -Th em[ -am a—

tures and under the influence of the nuclear radiations .”

( G l o o o s t o n e  and Dolun , 1177 , ~2.O8 , p. 29).
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N i t  t’i c ext -ic (~i o )  i n ;  : - :- - W :c-;u ii: the t ’ ii’ - - :-all pri::- :iaalty

H; t ie i ’ : i i -  i- i i: - . -at inc n ccci suI - no - - C )-: - - i i . “f ’ r- -~c -c I mg ” or S

- :in-n: i cal - - t u i l  i b n l u m  n c .  t h e  fir- -bali cools , el th at ’ by racilat b r : ,

€oxp- :r:si oci , - - i ’  c:i x t r c - ~ s i t b~ ~- c I  I Hr. The :- - - ise ‘iuanaioy r f

[‘- -u-n- - i  - I - - n - -ad s -an 1 il l : ; ci’ t h i n :  - : h - : r - : i s t r ~j ;n r c d on the

m~~x Ic: —- ~ :- :-c-cer’sos : b-hn:s a;; tie. I’ z i n c  S- -n;  it  a r e  ( a s s u m i n g

- - -~ u i  l - L b : - i u r t c  in -i cy air ’ at . 0. 1  :ib-mo :; r- a e-:-e- c - r os s -r n- c ) ohar:ges from

2 0 0 0  So 1800 0 
K , the  m a l e  f i’nrc t i- - tc i f  10 c000 ses fr om 0 . 7 6  to

0. 145 nero eat  , co r respond  lag So ‘i hans-a of  lit ) : -ro ou ~t ion per Mt
of y i e l d  ( o r  ]~0 tnns of ’  h-;a:ool :oir) of  (l. a to 0.9) x bO~

2

:m - ° l-:c cm t c-s , -c- n (8 to 14 .5 )  St .  ( : O L - L - , e.g., d i l m o c - -o , 1 9 7 2 4 . )

A seco:c-d a r-y me - :lcunlis:n f-ar [10 n - n - - c - d u c t .  Ion ccc’ ios  f r o m  b - l i ’:

ionizoi t ion of’ air by gamma and X—rays , neutro ns , and beta par-

ticles. This yields roughly one ion pair per 35 eV of energy ,
and 1.3 NO molecule per ion pair (e.g., Section E—3 of Appendix

E), leading to 10 x io 32 NO molecules cr 50 kt of NO per Ft of

tha~. fr-acti on of Sloe bomb’ s energy that come s out as ionizing

x ’ a d i n : t i c n .  However , only a small fract ion of the bomb ’s energy
is deposited as i c c c i z i n g  r a d iat i o n , * so t h a t  t h i s  is not  the
pr imary me chanism for l -C  p r o d u c t i o n .

It in ; — c l e a r  t h a t  the -ass imato- s of N - C p r o d u c t i o n  are sub ,~ect-

to  l :-i r~-’e e rr or s . A cr- - r n o - : n i i s : - r :  of the  b e st  cu r ren t  e s t i m a t e s  is
l i s t o - d  i ra  Table  h — i , acid the cnnc lunobo n from the work of Cilmore

( 19 7 5 )  is t h a t  S-c p r c - t m n t - i n n  -er  i-It of y i e l d  is ( 0 . 2 4  to 1 .5)  x
3210 m o l e c u l e s , oc r ’ 2 to  8 k t .

Th is ila cusaL on correspond s to o~b r ’o produ ction of NO in the

first few s-aoonci s after S h i n  explo -; ion , and before the “fireball”

has b e - u n  its i :Xpar : s i )nl and buoyant rise to its stabilizat i c n

For -a fi salon wea r- -n , about 15 percen t of the energy comes out
aa~: ( r - r- -°nr - -b -  an d de in cy-- d) io nizlc ~ rad iat ion , wh ile f-c r a thermo—
noal -a u r’ w e ap o n , s i c -’::ificantly less ionizat ion Inc produced ,
sin- c e this comes la rg e l y  from the f i s s i o n  f r a g m e n t s .  See
da.;stone ‘jr-I Dolan (1-977), pn- . 6—8.

13-6
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c I t  I Sno iC , ,~h i-: I m  1 - yai c :m ly t;-tk- :~; s-c:;: -: 10 n b  -Om - a

ri . S -at , a- - n~h rli -H o - t u n a t i - - -~~- - c — n - - )  I -N - :- :

nib - i l i ; :- ct~~n ii , a-aid : i s  ;:s’ . ; i - a t L :’ - m N n ~~l: . i~- o r - - m i : :  ‘i - e ; t t l a l
ph :::;- of  li - c p :- o du c t  - t i .

TABLE B-i . CALCULATED NO PRODUCTH i BY
LOW -ALTITUDE NUCLEAR EXPL O SJ OSS ° ~

NO Produced per Mt
of Yie ld Calculat i on Includes

Molecules kt Shoc k Late Firebal l P- ’ f erence

0.5 x 1032 3 x Ze l do v i c h a c i d  Raizer (1367)

0.3—2 1 .5— 10 x Foley and Ruder m ar (1972)
0.17-1 1-5 x Johnston et a l . (1973)
0.3— 1.5 1.5— 8 x Foley and Ruderman (1973)
1-2.5 5— 12 x Simons and Caledonia (197i- )

5 x Goldsmith et al . (1973)
0.4—1 ,5 2-8 x x Giln iore (i975)
0.6-1.1 3-5.5 x x C OME SA (1975) (Section 6.3 ,

p .  543ff)
aThe followin g are the principal mechanisms for NO production :

Shock hea t in g an d su b seq uen t q u i c k c o o l in g of a i r~ 3 .5 kt NO/Mt y iei -u .

Fire b all heatin g of ir ar~d slower cooli ng by r ad ia t ion , ex o ans i on ,
an d mixing in of cc d air: -1 .5 to i-4 kt NO/Mt yield .
Bombardment of air by ionizing radiation (betas , gammas , neu tronsj:
< 0.5 kt NO/Mt yield (this is generally smaller than the other tiecha-
nisms ). (See Gilmore , 1974 .)

bit has been suggested that not all the NO produced actually rises to the
stabil ization height of the fireball , as a consequence of detrainment du o—
ing the c loud rise . This is discussed in Section 8.3.3.

B .3  CLOUD R ISE  AND S T A B I L I Z A T I O N  AS A F U N C T I O N  OF Y I E L D

B .3 . l  A i r  V e r s u s  S u r f a c e  B u r s t s

If the  height ci’ bu r st , 11 , ao r  a weapon: o: yield Y (i- I t) i a n
greater than

= 870 Y°~~ (meters), (14)
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t hen  t h e  f i r e b a l l  ~ioe s  r i o t  “ t o u c h  S b - -  sr’ound “ a rca w e ~ n : a k of’ o r
a o l r b u r s t ;  I f  the i:eight of c l c -- 1 : ona t l o c  is  ‘ii ry  m u c h  less ‘- rsc n :1 . , -

t h e  f i r e b a l l  i n t e r a c t s  s t n - o i : - l y  i’i b Sb SL-:-- -~r ou:~-a -‘aros O’O~: c a l l  i t  a
s u r ; s o ~’ burst.

l-ianv , but not all , thermonuclear’ explosions b:- n ve b - -e ’~c . c o n —
ducted in arc aIr—burst mode~ r-nor ta y to minimi ze b o cal -- ‘ad i oor c - t is i -~
f a l l o u t . For ’ t he  r-r’ese rct. a p i - l i c a ;  ion  we sh a l l  ass - ar : . c -  s b - -  [n i le : - ; —
lag

1. The c loud r ise  heigr t- as a f u n c t i o n  of yi e ld is

pendent of whether’ c-ye refer to a surface burst or or

air burs t .

2. The NO production per f-it of y i e l d  f r - n ’  a s c i r i c a c e  b e r st
is half the  value/range estlr:atei In Section 13 .2 (see

Table B — i ) .  This ah o i c e  is sr - ub-~ in  n r - 7~ a:- - - w i t h  t oe
estimate of M a- cht a  en . a l .  (1963) t ha t  a n n — r f n c c e  o u r ’ s S
produces half the C — I 7  nor lIt of’ noa air bOost

B .3 .2 Clou d R i s e

T g-c r’-~ B— i is a s I - n e S - c h  of t h e  - i t -  - a i n - c u l - ac un l n ~~ i b e t h e
rising f i r e b a l l, and Fig .  13— 2 shows She cl-c u -i c - i  s-c as a :‘u c i - ’t i - c c
01’ time , to indicate the phenomeno1a-g :~ and s-ru le of he r ise .
Ficure 13—3 shows the a p p a r en t  s u r f a c e  tempe r-n t a r ’ ; -~ f f i re b a l l
as a funct ion of time ; from the din ; -auno nolon of S-cation B .2  ‘c-~
know that most NO fo r m a t i o n  is cooc[ le te  a f t e r -  Sb, : - -a mp ’ - : -  c t U n ’C

0 . . -drops b - d ow 2000 K so t ha t  NO n r c - d u c t  n —  ci c s  c - a m r let e  co -e l  ore
* 

-

any s ig n i f i c a n t  c loud r ise shown in ‘15. 5— 2 .

*The results of Fig. B—3 apply to a 20— St explosion rather than
to a 1—Mt explosion for wh ich the time scale would h-a ~o r’eSch—
ed out by a factor of several , son y 2 t o 10.
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UPDRAFT THROUGH
CENTER OF TOROEP
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’

~~~~~~~~~~ ) TOROIDAL CiRCULATION

/ ~ 

OF HOT GASES

STEM . 1

_ _ _ _  

)~f 
_ _ _ _

~~~~~~~~~~~~~~~9 

\\~~p~

Source: Glasstone and Dolan , 1977 , p. 29

FIGURE B -l . Cutaway Showin g Artist ’ s Conce pt ion of Toroi d al
Circula tion W ithin the Radioactive Cloud from a
Nuclear Ex p losion .
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FI GURE B-2. Height of Cloud Top and Rise Rate as a Function
of Time After a 1-Mt Low Air Burst
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FIGURE B— 3. Variation of Apparent Fireball Surface Temperature
wit h Time in a 20-kt Explosion

Note: After a 1-Mt explosion , the general behav i or i s the same ,
but the time scale i s somewha t lon ger .

For ’ t h i s  ap p i  I - n a t  I - n , the primary interest i s  in the- s~t

b i l i s a ti o n  a l t i t u d e  of t h e  n u c l e a r  c l ou d , s - i c r-re liii .; i : c H - ’ o l - c s

the  a l t i t u d e  d i s t r ib u t i o n  at w h i c h  t i e  n - c ’  o d u c t : - I  - a  S i : - - ex-

p l o s i o n  is i n j e c t e d  in t he  a t m o sp h e r e . In F ig .  B~~0 we ~ b - - :- j ‘he
*

stab ilization alt- itud : as ~c function of y i~--ld . as dei- r - I

*
The fact c;biat r i - I f  -oru- tive tr c - a -r- .; are c a r ri - -d on aerosols
which are sub f enS to s -dimentn: t I on ( u n l i k e  c 0 0 5 0 s )  a t - c - u n i t ’ s
entirely i mmaterial , as sod i nc c - :-ntat f - n  vel c- c f t  i c - s are of’ - c’d en ’
100 rn/month , wh i nc h is 15 ° t f r n- :s the -:‘loud i-is e ve U - r cil y.
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FIGURE B-4. Cloud Rise Height as a Function of Yield for Different Lati-
tudes. U.S. tests were conducted at equatorial latitude (2 to 17 N ) ,
Ch inese at mi d—latitude (40° N), and Soviet at polar latitude (75° N).
Peterson ’ s (1970) curves are based on U.S . tests; all U .S. bom bs had
yi elds below 1 5 Mt. Thus , Peterson ’ s equatorial curves for yields above
15 Mt as well as his polar curves are p urely estimates . Estimates of
Seitz et al . (1 968) for individual U.S. (solid) and Soviet (dashed )
ex plosions are shown as vertical lines . Dot-dash curves have been drawn
by eye through Seitz ’ Sovie t lines to provide an alternative to Peterson ’ s
polar case. Note the significant difference above Mt-yields. Some mid -
latitude estimates of Tele gadas (1977) are also shown , based or~ Chinese
ex plosions . Within a g iven cloud the altitude distribution of N0~ shownin Ta ble B-2 may be assumed . Representative ozone profiles for equatorial
and polar la titudes are also shown .
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TABLE  8 - 2 .  I N I T I A L  V E R T I C A L  D I S T R I B U T I O N  OF R A D I O A C T I V I T Y
OR N0

~ 
ASSUMED WITHIN ‘MUSHROOM CAP” (see F ig. B-5)

Layer , F r a c t i o n  of
“ Mushroom Cap ” P e r c e n t a g e  of A c t i v i t y

( f r om . base  to top ) W i t h i n  L a y e r

1 2 147 — 7

2 3 57 - 7  2

~ 25
7 7

~ 15T _  7

5 6 15

6 7
7 — 7

S o u r c e : Pe t e r s o n , 197 0

we may assume that the radioactivity is a tracer’ of cloud motio n ,

and t h a t  the  NO f o l l o w s  the  c loud , with tb-a exc ac- t ion of’ s-a r t -ax
p - :;sible d e t ro i n m e nt , w h i c h  w i l l  be di sc-ass-a d Uclew . Peters-co ’s

an a l ys i s  h y p o t h e s i z e s  toe  d i s t r i b u t i o n  of r-ud iorc on ti-;i ty -wit hin

She stabilize-I cl - :-:a d -‘as indicated in Table 13—2 . It refao-c to

air bursts and shows some dependence on lotit ni-c ; th-:c- r-o s als—a

irons-a -dependence  on m e t e o r o l o g ic a l  condi t  ions , ea~-cc 15111,7 [‘ - n - n’

k t — y i e l d  d e vI s e s , wh er e  s t a b i l i z a t i o n  a l t it u d es  f o r  d i f f ~-r er: s
sh o t s  of’ the  same yield may vary by as much as a factor of wa.

St e  tha t Peterson ’ s est imates are based on U. S. data wel c h
*

cannot be relied upon above about 15 Mt and which were always

The lncr-gest announced U. N. devi ce tested was Bravo (28 FrI l95~4),
a: 15—7-It : surface burst fired at Bikini (110 N lat~ tu de). By c-m-
b--east , the largest Sc-vieS -device was a 52—Nt aI r h urst (fit-ca d at 

/0 Thmlva, 750 U latitude , on 30 Oct 1921).
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5 : 1  i ’ t ’ f - -d ot:’ ( f - - p  t c c ’ - - - — ; ’ - [ - I  ~h v ’ - e s )  c S c c c - i ~~ 1 ha ! lt - a d - s ;

t b - - s  I m a t r s  - - c -  o bcic [ t b _ I t _ i  i - n n o  L i .  a or :  -‘a —c :rr- - l :ti-jn
-,~-~~c_ h a’’n n- nri-i: in . S n , h  f l i t  v , a r : - i  - - - c i  o n ly  f l - i a - c  c - l i ab l e  0.3

t b :e t - s t  i r o n  ~~~- ,- n - - t ’  - ‘ - t u i l  or n i l l et ~ f t  : - I t - ; . f o r ’ -  we may r- - -f e r -  t o
t o  :j~~~~’a o f T--i c -” :-l n i c; ( 15 ( 0 , 197 ’ ) (00  5 i r c e s e  P c - - c - s  (3 Nt , ~ n° ~

-a~ f t c - I - -) wI n c h  - - - - t r io n c  n I r - ~ - l n : r - -  a n - i  n a l l o o r  snr~ -1c:n t -~ S-n r i

n Ly - von ’ - c - t i A n o r  I nra , ~i l a n - s  - - b - c- - r . - c rc  of  the gl - -o noi sy h

bat ~tuoI e so fc t Stie -os or- p t: ocr of ’ z- - n : ’il ;~v~~r- - -~~e F l e w  is -muc i ’il

H-ar- - - I u s -  0 - s i  - -- err - nts a - dol t : :  e n . al . of L- thr wear .n ‘,~~eid

and —: l - - b  r i s e  I c - n - i - t .  f - i -  toe F-evi ct bomb s as sh -c- ,a lr c Fic r . O n ~~~t4

an d  t h u s  d r a w  ~~~ a l t n e rr : -~t i  ye -~- u c ’ ~~: ;  f - a r - polar cl- -ud h -ir r br t
*

:h - - wc c - Jo t - — mis - b , -wh i ch - iw o  - n i r i f i c — i n t l i  low- a- cloud he i s tS - s
Sb-a n -2-s F t  -; - n ’ :- - ~- - - lar  ass  I n o nc:- - - r t s .  It  i s c l -m a r ’ th a t  t h i s

alter-nat L V i :  as .n — - - e n - , - n 5 ln ~ not r i — C o c o s  - i - i  
~ Setter thar~ -at  orson  no

O L 1 V  i i f ’ f e ’r o r n t ;  i tH  the - ‘ i f  f - c --one —i yes no -n-re ly a suggest-ion of

tb -na uncer’ta 1 cr5 of S h-a -a loud he -i Sh i n s o - s i  c- nor ;er :t

8.3.3 Detrainment?

Ti- re r is I cnn and e x p a n d  i n i g  nu n  li - :- a e- a 10 :-i i j:- - ax t  n-- n- cod y tur-bu—

l en t , ::~~e c . - . , :~~ i a:. B—I , and en t rair : s  ~. 1-si-ge qun :rrti’ y of’ air
h u r i c:n - i ts  ru se. One m onr7: ask whether :-an y of  t he  h-oc t air , 5—n- ,

-m i d  i - -b - - a - i s is “dc- t r- n Ln-:d” fr-into the cloud arid left hnh i cc-i :- h il e

t h e  c - a s S  - f  b--he cloud rises onist it. Thus , dimons ‘n-nd -Saledorria

(127 3  sarogest’a-i thnot only 17 to 30 c n e r c en t  of tba 710 cr - -in L e d

ac tually r I ses to the clou -m st-abil i zati- - rr he f solo!: , wh ile a’

(1975), r: . 555, estiron - rtes that ab out 80 ~- - a r c en t  of  t h e  5 °  sr —

du ce d  r i s e s  to s t a b i l i z a t i o n  he~ c T ht .

Dun n the I ] •  . 7 .  “ D - - r r i i n c i c ” nu l - - n n - r- t e s t  s-ari es of 1-032, the

stem left b el:nn -I when a o :ucl-rar ’ fir-ba ll rises won- s tn- -ac t -S f -ar
n - ii dioactivity by fLying an-: - 1  c- raft -ouch t h e  ( v i s i b l e)  s t e m ,

(b- -an ne curvc- s ha ze been hriw: : i n  ij 7 1 e~~t- , I . e . , t h e r e  is n-a
“ - m h i e c t i - ; -:” h,’a no t o: f - a r- t h e m .

- —- - — -  —- -—— - -  ~~~~~~~ --~~~~~-- 
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airS it was established in ‘U x ’oJ ect  ,(t ~:rni w c o l o r - ” t t r n o t l’-as s t t n - c .  1

~- - rr- sor:t o f ’ tt:e total radi-onoctio’ity it:  r ound nb r: the stem I I, a r

aft er’ detoriatior: , s -a c Ferber (196 5)  . This suggests tL~rt no c l —

r u f La int dot e s  f r i t o - a n t  occur ’c ;  , n:d t h u s  we sha l l  ass-aria : t h a t  cdl
the  7-J O p roduced  r ’ises to  the  s to i b i li s at i o r i  a l t i t u- ] - . - -as sb e,-;r~ i n .x

B—- t I and Table  B — 2 .

8 .4  OTHER CHEMICAL  FACTORS

In a d d i t i o n  to  o x id e s  of  ccl t r oge n , at m o sr - hen i c  nuc 1-n - ci a-

ex o l o s  tons  m an,’ also d e p o s i t  w anct -ar’ an -r d ozone  in t h e  st .r-~~t o sc  h -r’ -:.

t hese effects are estimated here.

B .4. 1 Water

The s t r a to sphere is very d ry ( 3  to  14.5 ppmv of 11 2 0 ) ,  W o e ,  0~~

t he  t ro pospher e , espec ial ly  the  tro pi cal t r o p o s p h e re , can be ver’,

wet  ( l O s to  lO~ ppmv of H 2 0 ) .  Thus , large nuclear ex plosion-cs

can cnn -a-ny rather large amounts of water vapor into the strato—

s-p-here. I wi l l  show here t h a t  t h e s e  q u a n t i t ie s  of water- appear’

to be insufficient to make any significant change in strato-

spheric c-na to-n’ vapor content , e x c e p t  l o c a l l y ,  at very early t:ins - -:;

a f t e r ’  t he  even ts  ( a p p r o x i m a t e l y  1 to 10 i -l a y s ) .  No att eco :p - t is
made to elve detailed estimates of the water—vapor addit i-an for

each - -zenc , but sorti e g u i d e l i n e s  are i-rov ided  for  a more d e ta i l e d
ir ive r : t isa’. I

1:10cc: Eq .  ( - - ) s- ~
- :- - - -

~ t h a n -  a I—Si t “low air burst” will be

d e t o n a t - - - I  a t  - i ou  1— n m i t i t o - i c a . Table B— 3 shows representa-

t i v e  t empe i ’s t  u r - ~ - i n  i me i - a  r n - - -  c - n t a - r : t s  at t h i s  a l t i t u d e  ( a s - a n i o n —
i n _ -I 50 0 — a r c e r b  rn -- 1-n i t ‘;e n un s ’ I ’  a o’)  r o e  t r o p i c a l  summer and p o l a r
f a l l  cond i t  I errs viP 7 - - . n r - ni I , r e sp e c t i v e l y ,  to  U . S .  and
U . J . 7 I . R .  t e n t  co r: - iiti t i n . Da ’ -a ar- -n- c i l , n o shown fo r  14—km a l t i t u d e ,
s ince  the i r r o e s ’. ‘ -cv U-ct 5- - r r : l -  ,-i: i . n  d e t on a t e d  at about  t h a t  a!—

t i t u d e . The f i n a l  c o l - : m r  f r i  Tab le  B— 3 gives plausible ectn i rn :otenn

f - o r t he  n u m ber  of ’  w - i i : - n- r m o l e c u l e n  i n j e c t n -c d i n to  the  s t r a t o s p h e r e
p -a- a’ nr : - :c ’ n n - t o n  of’ yi e ld , assuming that the total mass of the fir-eball

is 10
6 

S/Mt as bef c - r- - - , and !;i rat in itial test conditions are

B-iS
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1 - - I ros ’ - r t n : t  iv  of’ t h e  t o ta l  errS r a i n e d  a i r  m a s s .  N o t - a  t h a t  S r - - o r - —

i and e x t  i- - ’ ,n- f -: -r :s car r y  much  i n i n - g e r  q u a n t i t ie s  of wa t e r  i n t o  th’-
tb - w i n ~l- polar explosions. Note also that tb-n : total

- 12- ‘: 5 ‘or- -a - r r t i : n t  oc t the stratospb- :ere is roughly 2 x 10 I-n v , 7 x

10~~ mol e c u l e s  ( - - . g . ,  / u r - p e n d i x  A ) .  We may approximate the w at e r

I i v  S i r - a  l O t - I  to 19 (2  series of  a t m o s p h e r i c  n u c l e a r  tes t s

0 1’ ~- ) 0  so by a s . n u c r c i ng an i n j e c t i o n  of i x io 32 H20 molecules/ Sit-,

w i - h  is n :pn: -r-uxirc:’i te ly 1/2000 of the ambient stratospheric w n - t t - -~e
l o  Hic c g . i - -a’ t i n : e — d ’- I - e n d e n t  e s tim a t e s , t u r n  to J o h n s t o n  ( 1 9 7 7 ) ,
W e -  - L i  n ; t  ii C J o c u d  vo lumes  ont o a f un -ct ion of t ime  a f t e r  a 2— N t  t e s t

(F r - or - ‘ i c  i n n - i c , 1 d b - ) .  That-se v o l u m e s  are shown in Table  B—~4

c ’;n : ch a l s o  contains estn irn :aSes of the  fractional augmentation of

local waiter conten t- , a s suming  tha t  toe b o m b — e n t r a i n e d  wa t e r  vapor

is u n i f o r ml y  m i x e d  in the stabilized (but gr owing ) bomb cloud ;

thus eight days after the test there is only a 0.7 percent en—

hart -cement in stratospheric water vapor.

Fr om these  e s t i m a t e s , it can U t -  c o n c l u d e d  t h a t  d e t a i l e d
a—c counting of bomb—inject ed water vapor is rn-ct warranted; but if

sash calculations art c-n--ns idered desirable , the molec ular rat~~os
,-nh -a-wn in Table B—5 can be used. These estimates are based on

the water injection of Table 0—14 and on an i n j e c t i o n  of 1 x
NC — ni :o lecu l e s /Mt .

K
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TABLE 8-3. POTENTIAL WATER TRANSPORT FROM THE TROPOSPHERE

(JI /S refers to Johnston Island--Summer (15° N. annual mean)
[NZ/F refers to Novaya Zem lya -- Fa ll (75° N , ‘~ (Jan + Jul y)]

Place/ H2O mols/Mt a t

Time Hei g nt T , °K P , mbar e
~

, mb ar * ~~~ 50% Sa tu ra t ion

JI/S 1 km 296 904.2 28.09 0.0321 3 .33 x io 32

NZ/F 1 km 264 889 .5 3.097 0.00350 0 .364 x 1032t

J I/S 4 km 277 633 8 .13 0.0130 1 .35 x io 32

NZ/F 4 km 251 598 0.850 0.0014 0.15 x 10 32t

Data from U.S . Standard Atmosphere , 1966 Su pp l ements , Table 5.1
Smithsonian Meteorological Tables (6th Ed ., 1958) p . 347f

sa turation vapor pressure over wa ter

S
W 

= water molar (or volume ) mixing ratio in air

tlhis is the saturation vapor pressure over ice rather than over water.

NOTE : If a 1-Mt air burst , detonated at 1 — km altitude , picks up all its
water at the he ig ht of detona ti on , then in ~~e tro p ics i t  can carr y
(at 50 percent relative humidity ) 3 .33 x 10 H2O mo ls/M t u pward ,
sa~,,int o the stratosphere ; in the polar region it can carry 0.36 x
10 H 20 mo ls/M t upward .

To avo id i nteracti on of the fi reball with the surface , i.e. to
h ave an a i r  b urs t , a higher yield burst has to be detonated at
hi gher altitude , e.g., th e 58-Mt Soviet bomb was detonated near
4 km; thus it would bring up, on the same sche m e , only 0.15 x
1032 mols H 2C/Mt. Note , howev er , that if there happened to be
a r a in  c lou d a t the p lace an d t ime of detonat ion , so tha t the
f ire b all b rin gs up the cloud water as well as the atmospheric
water va por , the total water trans port migh t be severa l times
higher for , say, a 4-km detonation.

B—1 7
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T A B L E  B-4 . LOCAL W A T E R  A U G M E N T A T I O N  IN THE
S T R A I O S P H L R E  F U L L O W I N G  A 2 -Mt  T R O P I C A L  TEST

T i r n - e , da~~s 0 2 4 8
Vo lun r e (10 21 cm 3 ) a 0 . 5 8  1 .6  4 . 3  10
A i r mass (lO~~ mo le cu l es) b 1 .2 3 .2 8 .6 20
Background water (l0 ~~ mo l ecu l es)C 5 .4 14.4 38.7 90

Perturbation via ter (lO ~~ m o l ec u l e s ) d 0.67 0.67 0.67 0 .67

Percent water augmentation 12 4 .7 1.7 0 .7

a J h flS~ (1 977), Ta b le 2 a
b A s s u n h i n g  2 x io 18 mo l/ c rn 3 (19 Sm )
C Assun h in g 4.5 ppmv
d Assum inq a 2-Mt bu rst and 3.33 x io 32 m o l/ Mt

TABLE B- 5. SUGGESTED STRATOSPHERIC H 2OINJECTION BY NUCLEAR TESTS

Ratio of H 20
Type of Test M o l e c u 1 e s / N O

~ Molecule

U .S . ( 1 M t )  3
U.S . (la rce) 1

Sov iet (1 Mt) 0.4

S oviet  (large) 0.2

B .4 . 2  O z o n e  and the NO / NO 2 R a t i o

J o h n s t o n  (19 17)  has e s t i n - r a L t e n  ozone production during nu-

cl ear t e s t s  as : e : i r d d v  I n - n  t h e  r an g e  ( — 0 . 1  to  + 3 . 6 )  x io 32 mole-
c u l e s / I -It y l e l~~. t h i s  oar -air-c production comes partly from chemi-

c a l pr oces s~~nn- involving t r i o  i nl e c t e d  NO production , which is

( O .~ too 1.5) :~ io~
2 nc-lecult-s /SI t yield [see Gi lmore  (19714)].

~Johr sta -n also ~ a I rct . s -ant t ha t  at s p e c i f i e d  a l t i t u d e s  ra ther  long
S hoe s ( f r - c r c  f r - n n r c t i c -- r s  of  a y ear ’  to almost two years) may be re—

qu - -i Por n -  - mS —l - n- - a nl ~r - - - I 5fl t-o Sest  roy bomb—produced ozone .

L 
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Thi n o - s - r r - o  m e r e s t - - n ,  I s  o a . n j o r t ]  I l - i t t - m a _ c - U - o t t - c ’
t o  t i e  10- —n er -r ~ o f t - - S  (of c o n - - i - a n n - f - o a t s , n i n e oc r :  lbS m r - i l - - —
sale  n r t - s no :no no ln -ly d e s t r o y s  a ‘- ‘ o r - v  l a i r - re r i i o o . b - - - c c  of  050ri r rn nclecn u lcs

(01 ’ order 1O 3 , - fc- p e r i i l r i ’ on h a - -  c i - - : n n i c u l  so - -rh - c l  i n ,  c a rs -oct  f’a i s L i o r )

by t h a t -  ( c a t a l y t i c  - cy c l e  of ’ i - Ois . (1 .o 3 ) — — s e - -  S c - n ~t f o r d  P . 1 .  t h - o s ,

t h e  ro s s lb i e  in~i e c t i  o r .  of ha t - ,.; - c i - o s - on -n- -  c ; v - i ’ o o c i - .- -
~~ ~~~~~ , ,  f - n

each I-J O m o l e c u l e  is not  a si or ~ i f i c act  c o u n t - - c  ‘.o ~ c - - c e S s  ( 1 t,c, 
~~~) -

F u r t h e r , t h e r e  is a Qu e s t  I — r n -  as a -c n - : h - - t i ~ :r o h~e ho rot _ i c , n e a t - :

110 is injected in the st r at o si :-h :r e  as To or as 1 51- l it -x -~

is s ign i f i c a n t  on a s h o r t— t e r m  bas i s  ( c f . J o h n s t o n , 19 7 7 ) ,  foo-

t -h e  l o n g — t e r m  a pp l i c a t i o n  of i nt e r e s t  here  it is n e t .  ~~i .  2 .

Johnston and F . Si . Luther , pPivate c o r c o o n u r , i  ca 4- i o n s )

B .5 LISTING OF HIGH -YIELD ATMOSPHERIC NUCLEAR EXPLOSIONS , 1952
to 1 976

The bas ic  Io ta source iac U. S . P:;l__ see -1l --ns - :’,torn e (l9° - r )

Appendix  B , update d by Cannon (1977), ch e - cb-:e i ‘in—ai ns m. the Sn-:e-n iish

c o m p i l a t i o n  of Zande r  and A x - a i sk o g  ( 1 9 7 3 ) ,  a an ;or’ -n - r e c en t  ca -cr  i i ’ a —

t i o n  of C a r t e r  and S iogh i s s i  ( 1 9 7 7 ) ,  an -i ‘a r i r F - e c c - a l co r n. m - i l a t l i~r .
pre par ed b y K .  Telega-das  ( N O A A — A R T)  -

Here I p r o v i d e  a t e n t a t i v e  assi -rnra -anr t  of c a b - f - a c t  i a -
for  al l  l i s t ed  h i g h — y i e l d  a n -n o o s p h e r i - o n  e x p l o s i - - r e s .  The r e - a c e - h o c - a
used to  a s s ign  y i e ld s  is tri o fo l lo - n-d r io - :

1. If an ‘ o f f i c i a l ”  y i e l d  f i o u r e  is quo t el , that v itae is

used .
2. For thE- older -~l955 ~o i9 5i ~~) Sov ie t  se r ies , ‘ e l e - c a - i a s ’

t o t a l  e s t i m a t e s  div idc -d  by t h e  n a - r ob e -c’ of i l — b o o t- s I r a  t h e
series are used .

3 .  For the 1961 to 1962 series , the values of’ Self: c-S a l .
(1968) are used as base , but scaled to agree appro;’:i—

mately w ith total annouoceni yields (Federal Rad iation

C o u n c i l , 196 3) .  Thus , fo r  t he  l9 -~l Soviet series ,

where  Se itz  ct  a l .  i i o n 5 n  a t o t a l  of 9 , ’ Nt- , T sc a l e  np
214 percent to give a total yl el i equal to t h e  acc-n f - t e J
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f i gu r e  of 120 i - I t ;  f u r  t ht -  1962 ‘5 . 2 .  P a c i f i -  series ,
S e i t z ’ t o t a l  is 26 I-It , ‘-shich ~nc sca led  o r —  ~ 2 10 - c- c l . a;

to  g ive  the  a c c e p n . t- oI t o ta l  y ie i -a  of 37 I -It ; f or  f - h o  1 9~I 2
Soviet so -n-r e ,; , Son ton ’ vnhl _ uc -ac ad-I up to f- ht - : ‘n - : a c c t - - -I

fig ure a - f ’  180 S i t .

Tab le  B — b  g ives  the l o c a t i o n s  of the  var-iou:  tes t  s i t e :  nn~~
T -n b l e  :-: 7 11 s o s  t he  y i e l d s  m in d  d a t e s  of t h e r r n o n u c l - - a i n -  e x t  la - s  I a - r i t a

I n ;  a- va atm-a ta m: 00cc on ly  f-boo - ca bombs arc -c c o u n t e d  h e a t -  a- h a t  n-j r - a -

likely t o  d e p o s i t  some NO in the  s t r a t o s ph e re , ~r h t - a - h me n cn -r :a n - - a r’—
r n - f a c e  devices of Mt y i e l d .  “ I n t e r-m e d i a t e ” ari d i o t a - c -  :-a i c-Id

t n t -  u n l i k e l y  to a f f e c t  the  st r a t o sph e r e -  b ecause  tnt - ion -

c l — c a d s  b~~n - e ly r i s e  ah - ve t he  tropopause , w h i l e  h i - ~h — c r 1t i a - a d o
e x a l o c i o n s , which are d e t o n a t e d  at a l t i t u d e s  of order a _ e r r s  o f
- s i l t - r o o t e r s  ( see , e . g . ,  Hoe r l i n , 1976)  p r o d u c e  an e f f e c t  a-c 0-h-a
rne sos phere and the rmos phe re , but n—a t on the str’ai toschert- .

TABLE B-6. TEST SITES

U . S . A .
En i wetok (EN) 11 ° N , 16 2° E

B i k i n i  (BK) 11 0 N , 165 ° E

Christmas I s l a n d (X I) 2° N , 157° W
Johns ton Isla n d  (JI ) 17° N , 16 9° W

U .S.S .R.
Nova ya Zem l ya/ A rct i c (NZ) 7 50  N , 55 ° E
Si b eria 52° N , 78° E

Semi p alatinsk (sP) 50° N , 800 E
U.K .

Christmas Islan d (XI) 2° N , 1570 ~

FRANCE
Centre d ’E x p e r i m e n t a t i o n  du
Pacifi que (CEP) , Tuamo t u
Archi pelago 210 S , 1 37° W

CHINA
Lo p Nor (LN) 40° N , 90° E

B-2 0
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TABLE B-7 . ATMOSPHERIC THERMONUCLEAR EXPLOS I ONS
(See Notes at End of Ta ble)

t - e i J , ri

U a t e  c2~3ltrL Locat i on Name DOE 2 A S U H T r E i r r - ; -  _~ _nrra__~_ _ a ~riec~t r2
31 Oct 52 USA EN :Ivy Mi ke Surface 10. 4 0.4 10 . 4 1O 4S

10 Aug 53 USSR Atmos . H F- — 1

~U Feb 54 USA B K :Cas tl e Bravo Surface 15 15 15 155

4 Au g 55 USSR 7 At nios . A A

04 Sep 55 USSR ? Atn ios . A A A 0 ’ S

10 Nov 55 USSR 7 A t m o s ,  A A P 0 . 7 5

23 Nov 55 USSR 7 At nios .  Mt rang e v t range -c 0 . 7 5

20 May 56 USA Bit-Re dwi ng Cherokee Air Drop Several Several -1  2

27 May 56 USA BK: Redwing Zun i Su rface 3.5 3 5  3. 53 ‘1 3 . 5 5

20 J ul 56 USA BK:Redwing Tewa Bar ge 5 - 5 5.01 5S

30 Aug 56 USSR Atimos. La rge Large 0 .2-1 1 .5

2 Sep 56 USSR Atnios . A A A 
( 

1 _ S

10 Se p 56 USSR Atmos . A A I 1 - 5

17 No v 56 USSR 7 Atrvos . Large Large 0.2-1 1 .5

10 Ap r 57 USSR 7 Large La rge 0.2-1

16 Ap r 57 USSR 7 Large Large 0.2- 1 2

15 May 57 UK X 1 :Gra p p l e Air Drop Fit ranue Mt ranse > 1

31 M ay 57 L K X 1: Grapp le A ir Drop Mt range -It range  >1 3

19 J0r. 57 UK X 1 :Grapp le A ir Drop range range ‘1

22 Aug 57 USSR Sibe ria Substantial Substantial ‘1 2

03 Sep 57 USSR Arctic Mt range Mt range ~1 1- 2

6 Oc t 57 US SR 7 Substa ntial Substantial H 2

8 No v 57 UK X l :G rapp l e Air Drop Mt ran qe Mt range ‘1

23 Feb 58 USSR Arctic Mt range ‘-it range ‘1 3

27 feb 58 USSR A rctic Mt range Mc range ~1 a

28 Ipr 58 31 XI :Grapp l e Air Drop Mt range M t range >1 1

12 May 58 USA EN: Ha rd ta ck Koa Surface 1 ,37 1 .37 1 .37 E 1 45

28 Jun 58 USA EN :Hardtac k Oak Barge 8.9 8.9 8.9 8.95

2 Sep 58 U V  RI :Grap nle Air Drop Mt ran q e Mt range >1

11 Sep 58 ;;~ X l :G r ap p l e Air Drop Mt range Mt range vi  1

10 Oc t 58 USSR Arctic At inos. Re l , lar ge Mt range ‘-1

12 Oct 58 USSR Arct ic Atinos . Large Mt range ‘1 3

15 Oct 58 USSR Arctic A tinos . Large Mt range ‘1 3

18 Oct 58 USSR Arctic AUt os. Large Mt range ‘1 \ ~~

20 Oct 58 USSR Arctic Atmo s . Large Mt range vi

22 -c t 58 USSR Arct i c Atmos. Large Mt range ‘1 3

74 -c t 58 USS R ~rc tic A tinon. Large M t range ‘-1 3

25 -:t 58 USSR Arctic A tmo s . Rel . Large Re l . La rge 0 ,2-1 1

B-2 1
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TABLE B-7. ATMOSPHERIC THERMONUCLE AR EXPLO S I ONS (Lon t. p. 2)

- t - - -~
- - 5  - c  “ i a - tn -As  ‘ ‘- - a - __~~

O , -) e, 1
1 0 5ei ‘ 1  3SF- SI - I t  0 - v ~-~ - u 3 - ‘ - 7 -~~ Sn ‘ - - - 3

F-I 1 55FF SI -a s .  - - - ‘  - - € -  ‘-‘ 2 . - I -  n u t :  -

4 0r ‘ - I  00SF - a- 1-1-  - u - i - n i l - i  S e u - c  ‘-7 -l 0 -

10 Set iii USSR ‘5 2’ - s. - l 0 e - I  -

1 . 1  s~ uss~ ,,- Is ~ . - - - I ‘-t. -- -v- - , - I .0 -— —

2 3  O-~~ 1 I -S- F - 52 — - i  ‘-‘ I - l a f l - v -  0 -  -i- ’ .’

~ 
Stu v i  :551 ) ,.n [- ‘:50 -..  I ‘- ‘I k a n s  - i  _ - i c

~~
-- ’ _-

-- ‘ v i  031) 0 Mt -I /0 - - - -
~~ 

- 
--

4 - t i  I 55FF 5/ It - ,.- s . . - , , : l  a- 1v-~~~~~1I c 1 -t a- n 7.

i -a- c 61 cs-se a- u’ r  - a - -u- -- - - - 1 3 . -a - 0  

or oss e 00 .s’ - - - -v - - 2 . - 5 — c :

0 - I t i - i  0551 )  ‘5 1-1 - cc .  0 25 — . ( In tO S

j : c l  F l  LOSE 5/ A l  a- I-)) to 50 - Sn -a-

ii -~ I ~ i ~5 3 )u ‘:o 0- - .~~. ~~~ v - - - - - I - - 3

— l o u  ,l a-a-i- ni/ At  - . . S u - v o ,  - i  - --  1 - - - v - u n :  — -

2 Mo , 5/ 350 -~ 
[- ,  ,,-c,s I - . v C s t  LOu a- 1 - 1 2  1 0 - a- -

IS So 153 - Yes- Ii r -or  I Lou Mt I - i )  2 Sc ‘- .‘ -

51 

A ; r  

b u r s t  

~

i

:

~ 

F

21 0. -i 52 USSR 5/ Several  -v ue , i I  - - 10 
-

9 Sep USSR 52 ‘a- Rant e “ -t Pens ,   - 

- - f -v V~1-R -
-~ 

c _~v _ _ c _ , _  “I - 2 ‘ H - v - a-

16 S n -  0/ s O P  5/ - -  - ‘ - - . -~~ ii ‘ 1 1- ‘ S~~~’: 
-

Id Sep - - - USS R . A i-c - 1 . .1 c- - -‘c 3 3 a--n t:

n i  Sep ~-0 USSE ‘1/ 0. l t O - c M . 0 l l - -~ ’ 5 . 7 lot- :

21 Sup 5- USSR ill A ’ e,, “1 O F . ’
~’ 13

05 50) 5? a--a- s~
- .7.I-cs. ~.t- t - ’- , -‘ n c  - ‘ o r- - l e t: a-

27 Sep 53 0555 52 At  . 3 1  3,

I,[ - c t  -a- ~~1 3 ! .  - n o - ,  Air - - t  Lc - t ‘-“ I— a- ’  ‘1 C -

22 — 1  OPt S A t m o s .  Snot -r d 1 - - v - ’ n-  ‘- U t -

‘s Oct 6? USA J. l . ~~ s a-u -- c 7 -Fr  ‘ 0 - r u n - t i - - l  1 C H -- a - I  a-’-

~~~~~~~~~~ USSR 3’ 0 ’ u - - - u s .  B B P

17 Jun 57 C’ , i na Lop Ocr A l ’  — li - -it ~3 le ) 3 ;5 3 ( 1 ) )  1
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TABLE [ 3-7 .  ATMOSPHERIC JHL kM O N LCLEAR [XP LCi~IO~ S ( C a - n t .  p. 3)

1’: ncr _’ 00 LOL L .L1 . _-_~~~~_ _ Li-!5 _ . .  - :  -
- ‘ ‘ - 5,351 - 7

I ‘I. - e _ / if no, us  I/i l l a . ,  -~ - ‘ / - — - I -)  2 .

C. t - a n t - I - F - -a- - v - - - - I  l . .  - u - I
- 

—1 ’~~ 0 , I -  0 0 _ : u  - u - - n

- 1 - - -  - ISI  - 0- i r d r : u O  - A

- 
_
- _

___ 
- ‘  . 11 I.i I — 

- I — I - 
—

0 1 3  - a - P  ‘ c - -n ~~- lo la- l i -  n - n ,   

- — ‘ - -  1

- -c - F  - - -

- - - -- ‘ U I  75. .1 -

05 - - - - i - ,- S o t  i - S - -  --  - 0 [- [C  u r n .  - ‘- C i-t’ - I - -, - F e

- - - : - u    S I — c  I a-u ~~ n- C , - - i - - I:

r I - v . 5  ,, , 1 , n  a - o c t - i t - u i .- - ‘  s i r  - l i - c t , b a l l o o n . ,
o n  ~~~. .f S 5 ’~~~- 7 1  I F - n  - ,  a - t i c

- n j  - : 01  , v - t t i u n d l  - - I ,
~u- t~. 1 t  y i o l c  ‘ d ’ - .e ,-

Or . ’ , 5 -s t O n  .t s~~r ’  i~~~t -  i u t a -  o t i v e  A~~, -

- o IL  O I - _ a t  -- ‘ c  - S - --I -on T - , O u- - 0 .

I ui us mc . _ i 5 c ’ - - - f- 1 -- ‘ 1  - t u t u  t i - - - , i I — : u : l ,  - ‘ - - u~ I 1 2 )
/ - - A . - . S 0 u ~ n t ’  [ - i s a -  1 1 1 ) 7 ’

- - ‘ rn -a n o C . - - t er n- ’ h i  ss  ‘ 1 9 0 -
- -I :H, t i - a n t  r - t o  O i - - i - u j u t  I CR t i o s  - . 7 - I l l  ; I 9 - /

1~~’- ~~~~~ a .  S t - F I R
-, sn — :- li e I e 1 0 - 3 7 s t e  ‘ -

A h i ~~r l. S p a n i - I S L i - u
,‘ I t - ’  - iio l - . ,n: - - - m c —  - r - - v-

o 0~ . v , - -  i t  ,.~~t scAu ’ i - l :  ~- a y  t ot Sn I n  s c m

IF ‘t- .1 C L a- - - n o r ,  — I ,- --  n : - - r- 0- - - - I ç . , -ç  - i~~ 
-

- ~. r a n t  1 1 .  0 - u t  - n a - i -  I 7 : a i-j u l  i i  n ’ a 1 -c L u  ‘-
~~~~~~ r - ç ’. s t e l  A

‘3_
~~ 3e- ~. l - ° _ ,  a-ar v- -n ’. i t - i a- 01) ‘- ‘  , 

~c h u- - c 1
~~. n -  I I  ‘ . - . ‘-a-

A r e v - s  . t 5 v - ’  I S a - I  u ’ ’ h - - a -  y ’ O I d
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Por ~ i~~z’i~ orien~ t t o n , Thb~~e ~v i d~~s t he  t ot a l  mega —

trr 1na~:e of h v a r i ~~uz i’ to so h~~i l  t est  see  ~ es , Tabl e  B— 9 ~ i ye s

th e  o r o  s o s o l  by Se.~ ~ et a l .  ( l 9 6~~) f t h e  h i o h — y i ~~1d

st  r zt o s~ ~ .: r ~~ec~ i o n s  f o r ’  ~lr  l9f~ to I9i~ series , ari ’~ Table

B— b ~iv :s  an a ; ~’r’~~;:~t ed  li~ øf t~~~r :~ei~~a t e—rar ige ” a t m o s —

r i c n u c l~~or e r l o s i o n s

The ‘~~~~~~~nr  r o m m e r i t s  sh r a l i  be nooc

a .  These  d a t  a are a l l  t~i~:en foot : p u L l  i3h e ’J  ir~forma t in n  ~n

en
b . Th-~ nata are ear ].y rj c o r r ~~e te  o• r:d i n c o n s !s t e nt —— s e e

t o e  ~r oc~~dor e  of i t e m s  o t o  ~ above f o r  “ as s i g ni ng

yb

c .  Toere have  been  a i z r e e  ni~~ her  of a t mo s p h e r i c  n u c l e a r

ex o lo s i o n s  w i t h  e r n r Ty  s ly n i f i c an t l y  be low 1 Mt , w o i c h

Leni  to s t a bi l i z e  near the  local  t r o po pa us e  acco rd ing
to  c or r e n t  cb ood  r i s e  ::odelz.  They wi l l  not  r educe  t h e

ozone  l e ve l  very m u c h ;  in f a c t , as a r e s u l t  of the
r ? : r~~~~~~~

T ?  r e a c ti o n s  t h ey  may even e n ha nc e  t he  ozone l eve l .
T h Li e  B — l i  Li  an a t te m o t to t o nc s e  v ar i o u s  f a c t o r s  in
C i l L r  e x t  bt correlat ~.r: : the  mean  s L i e  of e xp l o s i o n s  w i t h
t h e ir  c loud  a l t itu d e  o n i  th os  w i t h  t h e i r  e f f ec t  on ozoxie;
it  is c lear  t h a t  ‘~. : i I l e  t h e r e  have  been very many “small”

L o e L s , t h e  ov e r w h el m~ r~a m eg a t o n n ag e  and t hus  NO was
c a r r i e d  toy t he  “ r e l a tiv e l y  fe w ” H—bomb s , and t h e r e f o r e  i t

is not  a p r c p r L 1 e t o  co n c e r n  onese l f  undu ly  w i t h  the

p~’cduction of ozone f rom t h e  “ smal l ”  bomb s th rough  the
0 r p o S r o e ~ c smog react su n s .

d .  The ~verall division Into “small ,” “intermediate ,” and
“ lar ~:e ” bomb s is som e w h a t  ambi guou s. I have t r i ed  to
coun t  every  announced  event  in one and only  one c a t e —

— 

gory , except for su t ;— k t  e v en t s , w h i c h  are ignored .

*Seitz et al. (l9~ 8) s t ul i e d  t h e  global transport of radioactive
debr is (Sr— 9C) from the various high—yield tests in the 1961 to
l 9 C �  ser ies .  Thus , th eir’ assi -~uime rt of’ inject±on heights and
y ields is ~f s~~~ r e l e v a n c e  for the present injection of oxides
of nitro ren.
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TABLE B-9 . INJECT ION GROUPINGS OF 1 961-1962
TEST SERIES USED BY SEITZ et al . (1968)

Inject ion Dates Loca tion

1 10 , 12 , 14 , 16 , 18 , 20 , U.S.S .R.
22 Se ptember 1961 (Novaya Zemlya)

2 2 , 4, 6 October 1961 U .S.S .R.
(Novaya Zeml ya)

3 20 , 23 , 30 , 31 October 1961 ; U .S. S .R.
4 Novem ber 1961 (Novaya Zemlya)

4 2 Ma ” 1962 U.S .A.
(Chris tmas Island )

5 10 June 1962 U .S.A .
(Christmas Island)

6 27 , 30 June 196 2 U .S .A.
(Christmas Island)

7 1 1 Jul y 1962 U.S.A .
(Chr istmas Isla n d)

8 5 August 1962 U .S. S .R .
(Nova ya Zemlya)

9 20 , 22 , 25 , 27 August 196 2 U .S .S.R .
(Nova ya Zemlya)

10 8 Se p tember 1962 U .S .S .R .
(Nova ya Zemlya)

1 1 15 , 16 , 18 , 19 , 21 , 25 , U.S .S .R.
27 September 1962 (Nova ya Zeml ya)

12 1 8, 30 Octo b er 1962 U .S.A .
(Johns ton Island )

22 October 1962 U.S .S .R .
(Nova ya Zemlya)

13 24 December 1962 (two tests) U.S .S .R .
(Nova ya Zemlya)
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TABLE B- b .  INTERMEDIATE YIELD ATMOSPHERIC
NUCLEAR EXPLOSIONS , 1962—1976

Date Count ry Location NuITter/ Y 5t’ Id 
~~~ ______________

ER DA i s A  C~~~M

Nov 52 USA tN:Iv y Air Dro p 11(500) 1/ScjQ ~/ ( •zo~)

Jun 54 USA BK:Cast le Surface 1/100 1/100 1/110

Aug-Nov 56 USSR 2 - - - 3

Apr U SSR Var iou s  — - . 3

Mar 58 USSR Ni - 3/ (<1 0 0 0) 3 (~~l0 00) 10

Sep-Oc t 61 USSR SP - 6 6 6

Se p-Nov 61 USSR NZ - 7 7 /

A pr-Jul 62 USA X 1 :Doml nic Air Drop 17 17 11

Aug-Sep 62 USSR NZ - 2 2 2

Oc t 62 USA JI :D om inic Air Drop 2 2 2

Oc t-Dec 62 USSR Ni - 10 10 10

May 66 China Lop Nor Air Drop 1/(lower end of 1 11(200-500) 1/ (20— 60)
Range)

Sep 66 France CEP Balloon/Barge 2(small ) 21 (120 .150) low yi el d onl y
Oct 66 France CEP Barge 1(200-300) 11(200-300) 11(200-300)

DeC 56 China Lop Nor Towe r l/(few 100 kt) 1/300 l/(>200 )

Jul-Aug 68 France CEP Balloon 2/(500.<l000 ) 2/(500.<l000 ) 2

May-Au g 70 France CEP Balloon 3 3(<20) 5

Jul 71 France CEP Balloon 1 1/(400-500) 1/(20-200)

Ma r 72 China Lop Nor - 1/ (20-200) 1/(20-200) 1/ (20-200)

Jul 74 China Lo p Nor — I - 1/(200-1000)

Sep 76 China Lop Nor - 1/(20-200) - -

NOTES: No tation i s same as for Table B— S
Inter m ediate range is 20 to 1000 kt

Th is i s a greater lev el of aqy regat i on than in Table B -S
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TABLE B - li . AGGREGATED EFFECT S OF BOMB-PRODUCED
NO
~ 

ON STRATOSPHERI C OZONE

TI , ,1 T~ t

s eu .  ~~~~~~~~ ( i v e ’~~~ ( 1 ’ T h t . — ’ ;1 ~~~~~~~~~ 
. . • ‘~~‘.~‘~t j v ’’ ‘ . ‘ I~~~ ’ ( ‘

-?r k t  .-.-l C III  t I  1 HIb .( ‘ ‘ .  . t v  S ’ ( , ’(
i t  ‘ ‘

~~~, i v  rv l ,

I t  I ~lfl ‘ ,S t thnv ’ .  t t r I W ~~II -, ’ ~~~~~~~~~ I t- .,‘C- l0P0 t

f l I ’ . 1  j ” t  f 7  1 f l ,~~
,j ’ ’,~~’. I I  ~~I ’ , ( ’  .... i , . t. , ”: c . ~~~

1 1 , 1  1 ’ . ‘ I .

N ( ) t ( ’; f lu e I r I 1 ~ d~~~? 1 ,y . ~1~i 1 t , i i .  is vS,( ~’.,rl (l v . lIj,— l i t l t J J t  I ~p 1ns~ Ir ~ ( i e i~~~t t . ’
10 I t Oh t 01.1

21 1 .’ (—l T
I’ . S .S. R. 

~~‘ (._.v((

O f . 11 -- -. 2 ’
rp- ,i~ice I C ( —I
China F ( ....ir

,C’ l( t b ’  (I  l b - I  I ti tude ev p lo s ions are osni t t~~ii -

B .6 SUGGESTED STRATOSPHERIC NO
~ INJECTIONS DUE TO PAST

ATMOSPHERIC NUCLEAR EXPLOSIONS

Table B—1 2 l i s t s  my best est ima tes o~ i1 r . ra t : s~~h e r i c  NC
in,~ ~c tion s  due to a t m o s p h e r i c  nuc l ea r  ex ~~1o~~i o ns .  The est iit~ates
we~’e derived by combining the various ln~:ut dat~ arid models u s —

uussed pr ’viously . For orientation , ~~~~ B— 5 shows the NO

iti .~eot ion into the st .t’atosphere by months fran l~ 52 throu gh 1976

~~ terms uf megatons of effect~ ve yield using the conversion

f a c tar ’  ( 0 . 5  to  1) x io 32 
~~ 

molecules/Mt . For the amb ient

s t r a t o s t T h e r L l  NO loading we use the value of 5 x l0~ t ons

(a~; FU~O3
) from A. 5J. ~r~ becker et al. (197)4), ~~~ . 10. By far

t he  most  s ~n ~uar1 t , ND~ in ,~ect io ns were the Arc t Ic ~n.t ect unc

of 1961 to l’~62, wh ich excaed 10 perc 1.nt of the ~lot:1 l strt ,t l _

hen c NC load i ri~ far s : ‘ve ral n~vnt hr f l j  thus m 1 ’ht be exp ert ad
x

to Thaw o b se r v a b le  e f f e c t s  on t o ta l  or a r i a , at l e art  at h~~r~h
l a t i t u d e s .
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TABLE B- b 2 . STRATOSPHERIC INJECT ION OF NO
BY NUCLEAR EXPLOSIONS X

[ Yf v1 t 1 ye (b’. In j ec I ton

— 
[ou’ . t~~y LvI . ,,tI I Y ie ld . 9t 1111 A i t I t ’ .~~ a1

31 tat 52 USA EN l 0 . 4 S  5 .2  8 . 3  - 33, 7

12 Au g 53 USSR ?M 1 1 7.9 - 16.0

28 Feb 54 USA BY 155 7.5 1’ ., 1 - 32.9

4 Aug 55 USSR ?M 0.75 0.75 7 . 1 - 14 .9

24 Sep 55 USSR 3M 0. 75 0. 75 7 . 3 - 14 .9
10 Nov 55 USSR 0 .75  (3 . 75 7.3 -

23 Nov 55 uSSR 0.75 0.75 7 . 3  - 14 .9

20 uy y  5f bSU 2 2 13 . 2  - 21 . 7
27 M ay 16 712 UY 3.5S 1. 75 15.3 - 24 .7

20 J’.l 56 ISA BK SS 2.5 16.3 — 26 .5
30 Aug 56 USSR ?M 1.5 1 .5 9. 1 - 17 .9

2 Se p 56 J SSR 1 .5 1 .5 9.1 - 17 .9
3 Sep 56 .SSR TN 1 .5 1 .5 9.1 - 17 .9

l~ Nov 56 USSR 1 .5 1 .5 9.1 — 17 .9
10 A~ r 57 USS R ?M 3 3 10 — 20 .7

1~ A~ r 57 USSR ?N’ 3 3 10 - 2 0 . 7

15 ‘~ay 57 1 1 12. 5 — 19.5

31 lay 57 lb (I 1 1 12.5 — 19. 5

19 Jan 57 16 ‘.1 1 1 12.5 - ‘ . 5 .
22 Au ’ . 57 USSR Sib 2 2 9.3 - 24 . 1
24 Sep 57 USSR Arc . 2 2 9.3 - 24 .3

Oct 57 7539 ?t’ 2 2 9.3 - 24 .3

8 Nov 57 v~ 1 1 12.5 - 19.5

23 Feb 58 USS R Arc .  3 3 10 - 2(1.7
27 Feb 58 USSR Arc . 3 3 10 - 20 .7

28 Apr 58 ilK XI 1 1 12.5 - 19.5

Ii May 58 ‘SU 13 145 (1, 7 13 ,2  - 20 .4

28 Jul 58 232 TN Y , QS 4 .45 17 .5 - 28.9

2 Sep 58 Iv 1 1 1 2 . 5  - 19 .5
11 Sep 58 Xl 1 1 12.5 - 19.5

10 Oct 58 USSR A rc. 1 1 7.’. - 16 .5

12 Oct  58 1 1539 A r c .  3 3 15 - 20 .7

15 (ct 58 USSR Arc. 3 3 10 - 20.7

18 Itt 58 USSR Arc.  3 3 15 - 2~ .T

20 Itt 58 US SR Arc. 3 3 lfl - 20.7

22 at 58 u SSR Arc. 3 3 10 - 20 .7
24 Oct 58 USSR Arc. 3 3 11 20.7
25 Oct 58 USSR Arc . 1 1 7 .9  - 16.0

10 Sep 61 USSR 57 3 3 II” - 20. 7
12 Se p 61 USSR 52 3 3 10 - 20. 7
14 Sep 61 USSR Ni 3 3 10 - 20.7
15 Sep 61 USSR 112 I 1 7 . 9  - 7 6 . 0
18 Sep 61 USSR 57 1 1 7 . 9  - 1~~.0

20 Sep 61 USSR N? 1 1 7 . 9  - 16.’ .

22 Sep 61 USSR Ni 1 1 7 . 9 - 16 .0
2 Oct 61 USSR N? 1 1 7 . 9  - 16 . 0

4 Cat 61 USSR 62 3 3 10 - 20.7
6 Oct 61 USSR 57 3 3 10 - 20. 7

20 Oct 61 USSR 57 3 3 10 - 25 .7

23 Oct 61 USSR N? 25 25 1 3 . 0  - 76 . ’.
30 Oct 61 USSR 52 58 5’. 15. 7 - 29. 7
31 Oct 61 USSR N? 3 3 1(1 - 20.7
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TABLE B-12 . STRATO SPHERIC INJECTION OF NO
BY NUCLEAR EXPLO SIONS (Cont. p. 2) X

Ut t I ’ ( t  ly e  ‘lii ’. I i ~e t t ~~n
‘ .1 It’ ( 0 1 0 , 1 1  a 11,1 ,1111.5 U te Id • Mt —— hI1’ ml’ u ~~~~~~~ Van e km

4 usa 61 L’SSP 57 3 3 t I  - 20.7

2 May 62 LII Il 3 3 14 .7 - 23 . 5
10 Jun 62 ISA X l  3 1 14 .7 - 23 . 5
27 a’. 52 USA XI  11 Il 19 . 3  — 30 .9
30 Jun 62 USA ~l 3 Ti 14 . 7 - 23.5

ii :1 52 USA ‘I 3 3 14 .7 - 23 .5
5 A l l  52 tlT,SP 30 30 14 . 4 — 29 . 5

20 0 ’..; 67 (559 57 7 7 11 . 3 - 23.7
22 U’ .; 6? USSR 52 3 3 1(3 - (1(1 7

25 Aug 62 339 57 7 7 11 .3 - 23 .7
27 A t  62  USSP t ,7 7 7 11 .3 - 23 .7

S lc~ 62 (0,59 5? 1 1 7 .9 — v i ’

15 Sep hI (559 N? 7 7 11 .3 - 23 .7
16 Sep 62 1539 Ni 7 7 11 .3 - 23.7

4 Sep 62 I’SSP 52 3 10 - 20 .7

i~ Sep 62 1u5SR tI? 74 24 13 .9 - 29. 1

?I Sep 57 USSR 37 3 3 it - 20.7

25 Sep 62 USSR t I? 27 27 14 .1 - 24 .2
27 Sep 6? ~5S R 57 24 24 13~n - 29.1
18 Oct  62 USA J I 3 3 14 . 7  - 23.5

22 Itt 62 5359 52 7 7 1 1 . 3 - 2 3 . 7
30 Oct 62 139 .11 10 10 17 .9  - 30.0
23 Dec 62 3339 57 20 20 13.1. - 20 .0

25 lice 62 V S SP 3 3 10 - 20.7
17 ‘us 67 (11 1 1 17 IN 3 3 1’ .I — 22. 7

24 Auq 68 VAc’ tcT (ER 2.9 2.5 11 .4 - 22.9

8 Tep El FRANCE CEP 1 1 17 .5 - 19.5

27 too 68 (0117 [II 3 3 13.1 - 22.7

29 Sep 69 (11157 Lid 3 3 13.1 - 2 2 , 7
30 M y 1. 70. (571:11 3EV 1 1 12.5 - 19 .5

TO ~n 70 (p.711(1 (ER 1 1 12u - 1 9 . 5
14 (‘05 71) CHIN U 19 3 3 1 3 . 1  - 22 .7

14 A~ g 71 rXAp u cE cE p 1 1 12.5 -

26 Jul 73 ‘~~‘t7 15 2.5 2 .5  12 , 5 - 2 3 . 6
17 •;

~~‘. 75 (H T.A LB 4 4 138 - 74 . 7

‘tIl E S: F o r lo c a t i o n s s e e  T~~b i e  2, 2 where (d e n t i f i e d . o t h e r w i s e :
? M ( U S S R . 1 95 3- 1 95 7) take 5O-52~~5 , 78-80°C

A r c ( U S S R , 1958 ) ta ke 1 1. :  75~~t1, 55 ° F

For ef f e c t ’ a e  y , e l d s . S de notes s u r f a c e  b u r s t :  h e i n h t  c o r r e s o o n d s  to
a c t u a l y i e l d .  ‘0 i n j e c t i o n  i s  h a l f  t h a t  o f  e g u i v a l e n t  a i r  S u r S t .

For  It ” ’. i n j e c ti o n , s e e  T a b l e  B - i .  1 s u g g e s t  1 0 1 0 32 N O m o l s . ’ M t  a s  a
p l a u s i ; le choice.

Fo r a l t l t 1 . d e  ran g e , see F i q . 8-S. For eq u a t o r i a l  h~~~’~t v I s u g g e s t
Pe t,’i s ’’ : ’ s (197 13) cai ’ves , for p o l a r  u u r s t s ,  Seit : 1 1 1 : 1 ) ~~ ~es a s
Sh o w n  t h e r e .  (dOll’ ‘-I from P e t e r s o n  (tv / C )  i s  t h e  seco lnm eede d
‘u S i’i j e c tl ’ )n ~~l t h 1 n 5 6 ’  a l t i t u d e  range qU Otl’ l l ose .
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A P P E N D I X  C

ANTHROPOGEN I C RELEASE OF HALOCARBON S
IN THE ATMOSPHERE . 1956 TO 1975

C .1 S P E C I E S  C O NSIDERED

Table C—l lists a n u m b ~a’ of (7hlorofl uorn— ano OSlo!’

ca rbons  w h i c h  are of poss ib le  s i gn i f i c an c e  as a so~~r ee  of’ ‘ret-

ch l o r i n e  a t o m s , or , more  generally, of Cli  (=51 + 510 + PSI) 1:,

t h e  s t r a t o s p h e r e, and w h i c h  may t r:u s se rve  to  r e d u c e  t he  c o n c en -
t r a t i o n  of s t r a t o s p h e r i c  o z on e . B r o n I n e _ s ’ n t a i r .i n , t  ! O O l e C 7 L e t
are d i s c u s s e d  in S e c t i o n  9 • /4 belol’; . The stas.~or .1 uctat t cn is

used for  ch lor o  f l u o r o c a r b o n s :  t h u s , in. m o l e c u l e  F ’ C— x y z , t h e
h undreds  d ig i t  “ x ” is t h e  n orob er  of -carbon atom s i n  t h e  m o l e c u l e
min u s  one , the t ens  d ig i t  “ y ” is the  number ’ of hy ax ’ u - :en a t om s  in
the  m o l e cu l e  p lu s  one , and t h e  u n i t s  d i g i t  “ s ’ is tn e  r, ~mh er’  of
f l u o r i n e  a toms in the  mo lecu l e . The u n d e s i g n o t e d  a t o m s  a re
c h l o r i n e , and if  x = O , the  f i r s t  d i gi t  is d r o n p — e d .  O n u s  ,
is C F 013 >  e t c .

In Table C — I , I quote the mass  of ma t e r i a l  t h a t  ccr ~t a 1n s
1O~~ c h l o r i n e  a toms , s ince , p r e s u m a b l y ,  i t  is t hese  a toms  t h a t
dep le te  the  ozone . For o r i e n t a t i on , if the  m i x i n g  r a t i o  of t h e
C1X spec ies  Is q ppbv  (= q x lO~~ m o l e c u l e s  per “ a i r  m c l e c u l e ” ) .
t h i s  c o rr e s p o n d s to a t o t a l  s t r a t o s p h e r i c  i o a d i n~1 of q x 2 . 47 x

34 *10 molecules.

Tabl i -  0—1 also lists estimated t r o ao s t }ier ’ i c - I s ect  I - n
notes and mean t r o p o s p h e r i c  l i f e t i m e s  fo r  t h e  s p e c I e s  !uose’i t o

‘SN s a s sumes  a g l o b a l  l i — k m  t r o pop a u se  ‘ 1114/ t he n u mb e r  i o n s  i t
of  1 . 2 .  T t o s ~r.1ard A t m o s p h e r e , 1976.
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rovLh .’ a L r u J t ~ estimate of their relat~ ue i:’. l . a c ’, o n t he  st r’u ’,’i—

5 1 0 1’)-’ . P’0” I i e n t ly  , a s~’eci~’s w ith snail otc :4snhe;~~c

rote and a relatively short 1~~feti~ e irs tN’- t r u p o s p n e r ’: :5

l i k el y  to c er , t r l b u te  to  s tr o t o s p h er i c  c h l o r i ne  h-o r, ‘.1’ . FC~~S~
F4 .’— 12 , w i t h  r e l a t i v e l y  la rge  i n j ec t io n  r a tes  OSi r r ,j  e s t a i - l i r r s e ’j
o n L t o c n e m i c a l  s inks  in t he  t r op o s p he r ’ .

The SOO C I tic troposoh~ r’ie lifetimes of ‘ion I o u r  s s te r ’ i o l s
are due to reaction with 01-i r ” sdica] . s .  Thre e is a cu! ’r ’ . .- n t  G!~~~

troversy over whether the tropo sphcvnj 0 concor,ti’~.t ion of these

:“so l ica l s  is (1 — 3) x 10
6/cm 0, w h i c h  is t h~ ron~re of rie-usur’ed

v a l u es , t y o L c a l ly  at midday , o r  a g a i n st  4 x 10 1cm 3 on ii—

u r r a l  avers~ , e , w h i c h  gives  t h e  r ange  0 ’ 5 to  10 in e f f e c t i ve
trct- - s nheric lifetimes shown in Table C—l (s’~e , e.g., Sin~rn ,

C .2 ANTHROPOGENIC EMISSION RATES OF CHLOROFLUORO - AND CHLORO-
C A R B O N S , 1955-1975

The production rates of h a lo c a r b o n s  der~~ved from d i f ? ’ r en~o

sources show some variation , and thus rather detailed :xI i a i i o —

t ior 1s are p r e s e n t e d  of how the  data  g iven here are deriv ’~ 0:’ — ci

earlier sources.

The emission rates present an even more c om p l i c a t e d  5- r ’o- t—

1cm , wh ich has been discussed by McCarthy et al. (1977) f-or toe

fluorocarbons . Again , detailed descriptions are ~ncIud ed of’ r..

the present estimates were derived from “ p r i m a r y ” sources .

For fluorocarbons FC—1 1, 5-0—1 2 , and P0—22 , the laceso es tI —

mu t e s  for  t he  global  p r o d u c t i o n  and r e leose  r a t e s  ‘sO c4 given In

T ah I~ 0 — 2 .  Explicitly, I have u sed  t h e  p r l m t : ’~., d a t a  as com-

piled by A. Grant (1977), who used as a data base t h e  r e c o r ds

of some 20 companies (plus subsidiaries) that reported p r o d u c —

t~ on and/or release data Esee Table 1 of I ’TcCar th y et al . (1977)’ .

The da ta  of Grant (1977) for FC—ll and FC-12 have been anaiy:ei

by E. I. duPont de Nernours ( 19 7 7 )  to provide w o r l d w i d e  t-r’c-icc—

tion and release data.
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TABLE C-2. GLOBAL PRODUCTION AND RELEASE RATE S FOR
FC -11 , -12 , and -22 THROUGH 1976 (in lO 6kg)

FC -1l F C- 1 2 FC-22
Y e a r  P r od u c t i o n  Re l ease Production R e l e a s e  P r o d u c t i o n  R e l e a s e

1931 0.5
1932 0.1
1933 0 . 3  0 .1
1 9 3 4  0 .7 0.2

1 9 3 5  1 .0 0.2
1936  0.1 1 .7 0.4
1937 0 .1  3 .1  0 .6
1938 0.1 2.8 0.9
1939 0.1 0.1 3.9 1 .8

1 9 4 0  0 . 2  0 . 1  4 .5  1 . 7
1 9 4 1  0.3 0.1 6 .3 2.3
1942 0.3 0.1 5.9 2.9
1943 0 .4  0.2 8.2 3 . 5
1944 0.4 0.2 16.7 4 .7

1945 0.4 0.3 20.1 6.1 0.1
1946 0.7 0.6 16 ,6 11.9
1 9 4 7  1 . 3  1 . 2  2 0 . 1  1 9 . 0  0 . 1
1948 3 . 0  2 . 3  2 4 . 8  2 2 . 2  0 .2
1949 4.5 3.7 26.1 24.2 0.3 0.1

1950  6 . 6  5 . 4  3 4 . 9  2 7 . 4  0 .8  0 . 1
1 9 5 1  9 , 1  7 . 5  3 7 . 0  3 0 . 8  1 .0 0 . 2
1 952 13.7 10.9 38 .5 32.6 1.6 0.3
l 9~ 3 1 7 . 6  1 4 . 9  4 8 . 2  3 7 . 0  2 . 2  0. 4
H54 21.4 18.7 51 .3 42.2 2.9 0.6

1955 27.0 23.2 60.3 47 .5 3.5 0.8
1956  3 3 . 5  2 9 . 1  71 .9 55.4 6 .1 1.2
1 9 5 7  3 5 . 3  3 2 . 8  7 7 . 9  6 3 . 1  6 . 4  1 . 1
1958  31.3 31.2 77.8 66. 4 7.7 1.4
1 9 5 9  37.9 32.3 92.5 73.9 11.4 2.7

1960 52.5 42.2 105.0 88.1 12 .3 3.3
1 9 6 1  6 3 . 9  5 4 . 1  1 1 4 . 7  9 8 . 6  1 2 . 3  3 . 6
1 9 6 2  8 2 . 1  6 7 . 6  1 3 5 . 0  1 1 3 . 1  1 5 . 6  4 . 7
1 9 6 3  9 8 . 0  8 2 . 6  1 5 4 . 0  1 3 2 . 5  1 7 . 8  5 . 7
1964 116.6 97.9 178. 4 153.8 22.6 6.9

1965  1 2 9 . 1  1 1 1 . 7  1 9 9 . 2  1 7 3 . 6  2 5 . 4  8 . 2
1966 148 . 1 1 2 5 . 1  2 2 6 . 1  1 9 2 . 9  3 1 . 9  9 . 9
1967  1 6 7 . 8  1 4 1 . 9  2 5 3 . 5  2 1 7 . 6  3 7 . 8  1 2 . 5
1968 192.1 161.6 27 9.3 248.9 46.1 16.5
1~~~9 2 2 7 . 3  1 8 7 . 0  3 1 0 . 0  2 7 1 . 1  5 6 . 6  2 0 . 6

1 97 u 2 4 9 . 2  2 1 2 . 3  3 3 4 . 8  2 9 6 . 1  5 9 . 3  2 3 . 5
1 9 7 1  275.5 233.2 356 .3 317.7 65.2 26.5
19 ’ 2  3 1 5 . 8  2 6 0 , 3  3 9 1 . 1  3 4 3 . 5  7 0 . 8  3 1 . 3
19 13 359.5 295 .6 434.7 378.0 77.4 36.1
1974 379.7 324.1 455 .0 408.4 88.7 42.3
1~~l5 326.5 314.9 396.1 396.3 74.4 47.6
19 7 f 355.2 308.2 427 .9 380.1 94 .1 60,2

Note: For FC -11 and -12 the data from Table 5 of DuPont (1977). For FC-22 , the production
figures are froni Grant (1977) corrected for global product ion as indicated in the
text (Section 2). The FC-22 release figures are obtained from the production figures
by mu ltiply ing by the release/production ratio froni Table 7 of McCarthy et al. (1977)
on a year -by-year basis ; but for 1976 the 1975 ratio . 47.1/73 .6 = 0.640, was used .
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l”0— ,’2 , I he c ) W : r t  ion d a t a  at’ .’ ~
‘ r ’- o h ” u ~ (1 (7) ~

‘ -

L l 1 s  ~‘1 v r ’ i ri’1 r ’y ‘ c rr i i ’inh’s , e ) r ’ : ’e e t cj  by a t a c t ’ - : ’

11.5 + 9 . 5
~ + 18 5 8 . 9 + n ’~~’ +~ 9:~9

en an znno o 1 basis 1 . The t e r m s  here  are t h e  following

1958 .9 = e o n wl a t i v e  pro duc tion of P0— 92 N .y ch 20 re-
por t its” compan ~ es I r on  t he  s t a r t  of r ’o-l~~ —

t i e r s  t h r o u s h  1970
11.5 = cumulative p r o d u c t i o n  of 9’-2—22 e s t i m a t e i

fo r  E a s t e r n  Bloc c o u n t r i e s

9 . 9  = c u m u l a t i v e  p r o d u c t i o n  of F C — 1 2  in I :1ui a  a r i d
A r g e n t i n a  U

[The se  nismbers come from Grant (1977), Schedules L ,
11 , -a nd l 2 .~

The re lease  da ta  for  P0—22 are o b t a i n e d  from t h e  o r o — d u c t i o r
It s  o ut a i n e d  in t h i s  w a y ,  by m u l t i p l y i ng , t h e m  by t h e  r a t  ~o o f ’

r e l ea s e /p r o-~i u c t i o n  on an annual  bas i s  f rom I ’I c f a r t hy  et a l .
( 1977 ) , Tab l e  7;  e x c e l t t h a t  f o r  l 9 7u  t h e  correct i -er~ to ~ ton

use i is tr’ rn fv c 0 0 0 t h y  et al. (1977) f~~i’ 1975 , w h i c h  i s  -~7 - 1/73. c- =

0.6s0.

TN-c overall release data for FC—l l , P0—12 , and FC- ,:2

so-own in Fig. 0—1 as functions of time .

For the Soviet Bloc , the est imates of Schedul E- 12 of t r u n t

(1977) have been used here . Presumably, t h e s e  es tim a tes sho u l~
be ‘se-dated by the new data of Fonisenkov and Fazako’: (1977)

given in  Table C-3, which indicate that U.S.S .R. pr- ;dust ion veto-

resents 2 . 5  percent of the world total in ag gr e g a t e , as com p ar e ~
‘~.5 seroent for the whole Eastern 1-Icc ( i n c l u d i n g  Ch~ na),

as the earlier estimate of Grant (1977) ir .iicated. H o w e v e r ,

these quantities lie within tI error bounds of t h e  c u rr e n t
e St i rca t e S .

For r ’ ;r ’ ; os ’s of c c m r r r l , s o n , t h e  e s t im a t e  of toNe d o l e  12 of

i I ’ i ip t  ( l 9 ~~7 )  for total Sovi’:t Flee r r ”  di~ct ion trc 1950 t o  1970-
1 P C - l I , 172 x 10N ko; 50-12 , 226 x ~o 6 
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TABL E C- 3. FLUOROCARBON PRODUCTION IN THE U S .S .R .
1968 -75 (BOR ISENKOV AND K.AZAKOV , 1977) i n 106 kg/yr

Com poun d 1968 1969 1970 1971 1972 197 3 1974 1 97 5
FC -11 1 .4 2.2 2.5 2.9 3,6 4.0 6.1 7.4

FC-12 9.6 1 2.0 13.3 15 .9 18.2 19.8 25.2 31.2

Total 11.0 14. 2 15.8 18.8 21 .8 23.8 31.3 38.6

Total for 1968- 1975: FC- 11 - -  30.1
FC - 12 —- 145 .1 Grand total - -  175. 2

U .S .S . R .  share in world production for 1968-75 is 1 .3t for FC —1 l ,
4 .9t for FC - 12.
In 1974 -75 about 45% of the total U.S.S .R. production of FC- 1l and
FC -12 was consumed in the manufacture of consumer chemicals , as
against 50% in the U.S.A. and 80% in Great Britain.

For carbon tetrachlor id e , different estimates for pr o d u c -
t i on ,  and re lease  r a t e s  are shown in Table 0 — 2 . The v a lu e s  of
Ci ngh  et a l .  ( 1 9 7 6)  come f rom F i g .  0—2 w h i c h  shows t h a t  m o s t
U .S . (a r~d in fact global) emissions of C 0124 oc curred in t h e
l 9 2 4 0 s ;  in f a c t , the  i n t e g r a t e d  b u r d e n  of a t m o s p h e r i c  in j ec t i o n s
of ca rbon  t e t r a c h i o r i d e  f rom the  s t a r t  of p r o d u c t i o n  to  1955 is

1 . 3 3  x lO~ kg, or 2.07 x 1O~
24 Cl atoms , which corresponds to 16

dears of injection at the 1973 injection rate of 81 x

Thus , if the atmospheric lifetime of carbon tetrachloride is

Fr’ . F . A. Bower (dupont ) comments that (1) the data quoted by
R or i s enk o v  and Kazakov a p p l y  to  the U .S S . R .  o n l y ,  wh i l e  the
Grant est imates apply to the whole Eastern Bloc , including the
U . S .S . R . ,  East Germany , Poland , Czechoslova kia , Rumania , Bul—
~-ar ia , and the  People ’ s R e p u b l i c  of China , ( 2 )  these  data w i l l
tresumably give rise to slight changes in future estimates of
A .  Gr a n t  and Co., and that , (3) the ratio of FC— 11 to FC-l2 as
estimated by Grant does seem irregular when compared with
E o r i s e n k o v  and Kazakov . I t em ( 3 )  needs  c l a r i f i c a t i o n, even
t h ou gh  its effect on total worldwide emissions is not likely
to be si-voifi cant .
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Ccc:,( el’ tiran this , the principal effects arise from the existing
L- u : ’der’. : ‘ather ’  t h a n  (‘ron the current inJections .

The t h U r  e s t im a t e s  come f rom the  sources  i n d i c a t ed  in Tab le

~~~~~~~~~~ W i t h  t he  e x c e p t i o n  of the estimates of Little (1975), w n i c h
or ’ 1 m u c h  lower  t han  t h e  o t h e r s , t hey  agree quite well. A l l  w cr ’k—
or ’s agr e e  t h a t  t h e  : -r i n c i p a l  e f f ec t  come s f rom past  r a t h e r  t h a n
current releases. The problem is that the pattern of use of car-

bon t e r r a c h i cr i d e  has changed  — d r am a t i c a l l y  s ince  i t s  t o x i c i t y
w ’s s r e c o g n i s e d . In the  l 9 2 4 0 s  and 1950s i t  was l a rge ly  used  d i s —
e~-r s i ’ c e ly  (as  Clo5r~ing fluid , in fire extinguishers , e t c . ) ,  but
raw i t  is  o . ;erwh , 1l rc~ r~ ’~lv u sed  in t he  production of fluorocarbons.
Th u s , t h e  d i f f e r en c e  b e t w e en  a s s u m i n g  3 percent or 5 percent re-
lease  of ’  t o t a l  p r o d u c t i o n  makes a very  large d i f f e r e n c e  in t he
c u t I m a t e . F’ u r th e r , t he re  are a lso  u n c er t a in t i e s  in p r o d u c t ~~cn ,
e::’ - e c i a i ly  o u t s i d e  t h e  U . S . A .  [perhaps + 20 percent ; see also

-‘~it,~I.~~ber (i976)~~.

The su~~ ,e s t ’~’d e st  j ra:-~te , l is t ed  -~n TaL le  0 — 5  -ar i d in 51’ . 0— 3 ,

1’ ‘:. r ly t r i O a r i t h m e t i c  r i ca n  of all the  d if ~ erent  ‘c-aloes r’~~—

dod in 1’blc

1’ lu - s t r aIn  ~nd r e l ease  f i g u r e s  for  m e t h y l  c hl or c - f or n  ar e
n m ,’;n Ii Tat l e  0— ’ , l i s t i n g  release f igu r e s  Ororo Pow 0h~asi c al

( , i t r c’i ,~’ Srii R l o o k a , 197 8) , f r o m  Little (1975), and fr’ra;

C o n u e l O  ar:d S c h i f f ’  ( 19 7 8 ) .  The differences between the var’i-:us

e . r t l :;at e s  are not as l a rge  as in t he  case  of carbon  t e t r a c h T h —
rIle. Again , the recommended estimate for releases is the a r i t h —

:r~~t i c  mean of all the values recorded for that year in Table C - E .
This ~s shown i n  Taole 0—6 and Fig. C— 3 .

For the other chlorocarb-cns listed in Table 0—2 , the emis—

siors  r a t e S  are given  in, Table C—5 , using the data of A. D. Little

(i , 75) ssni the proced ure of Annex A; in Fig. C—~ the principal
i,: , rc a,o~ onic global emissions In this category are shown as a

fur. :t u- n of t _ 5 e .
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TABLE C-6. GLOBAL PRODUCTION AND RELEASE RATES OF METH YL CHLOROFORM
(in 106 kg/yr)

Dow b M cConne l l
Year Production Chenhical a A .D.  L itt le , Inc. and Schiff C

1951 0.1 0.1 -

1952 0.2 0.2 -

1953 1.0 1.0 -

1954 3 3 —

1955 8 8 -

1956 14 12 -

1957 2 1 20 -

1958 22 21 -

1959 32 30 -

I
1960 38 36 -

1961 40 38 - -

1962 59 56 - -
1963 58 51 - -
1964 64 57 - -

1965 83 73 - -
1 966 116 109 144 147
1967 146 131 - -
1968 158 145 177 -

1969 168 148 192 -

1970 181 155 217 -

1971 191 167 222 253
1972 267 230 261 -

1973 350 340 324 396;4 07;466
1974 390 363 349 -

1975 374 365 272 -

1976 438 416 373 413

Cumulative: 3222 2975

a. Neely and Plonka (1978), Ta b le 1 , estimate d by the Cor pora te Product
Department of Dow Chemical Company

b. Littl e (1975), using the procedure of Annex A of this Appendix
c. McConnell and Schiff (1978) quote various estimated production —

figures for some years ; I convert to release by multiplying by the
ratio release/production for that year from Neely and Plonka (1977)
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C . 3  LAT ITUDINAL  D I S T R I B U T I O N  OF E M I S S I O N S

For a two—dimens ior~a1 computor’ cole , it i~; ~: k- cU”'::a~1r’ ,~’ to
estimate the latitude di’atrtbut~ on of ar’,tLr’o~ o - 1 -~,~ - ‘

e m i s s i o n s .  The A . D .  L i t t l e  ( 19 7 5 )  ‘and A .  Th~~r , t  ( 1 9 7 7 )  oo- y- o ’, :~
provide the following data , wh ich ar’€~ not  str’~~I~t1y ‘or’.p’ar’~~~~~~;

these are used here t o  p rov ide an ~ni~ loT.- h~~:t eo’~~~.ite .

1. Source : A . D. Little , p. 11—9

World fluorocarbon production , 1973
Percent of

Region Global Production

U.S.A. 144
Europe 41
Japan 8
Other 7

2. Source: Bureau of Domestic Commerce T~otlr:iate(from U.S . Internatlo-nol Tradl-1 Comn i:~~io-r,)

World fluorocarbon production , 1973
Percent of

Region Global ProductIon

U.S.A .
Europe 35
Japan 9
Communist Bloc 4
Other 14

3. Source: A. Grant , Schedule 7

Total production of fluorocarbons , ratio
southern/northern hemisphere

FC—ll 0.035
FC—12 0.042 ~ 

0.039

FC— 22 0.035

LI . Source: A. Grant , Schedules 1 , 11 , 12 , total produc-
tion , 1931 to 1976 , fraction of g l o b a l  rn -c —
duction

Substance “India and Argentina ” “Eastern Eloc ”

FC—ll 0.00093 
~ 0.0015 

0.0148k 
~~~FC—12 0.0018 O .0~ 3~

FC—22 0.0054 0.0062
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5. Nour’c~-: ~‘ CL le 0—7 [from A. N r ’ant  ( 1 9 7 7 )  , fT C h~ ’d 1i - - 1
f’ur’ 1! s~ lug of ’ pr n a r y  c o u n t  r’ies , cLl’-i u los
11 arid 12 for others] lists the co~ r.’~ries
where fluorocar bons are r-r’odu’co-J , tug-?ther’
w i t h  t h e  effective range of latitudes
assigned to each country .

TABLE C - 7 .  L I S T I N G  OF C O U N T R I E S  PRODUCING F L U O R O C A R B O N S ,
I N C L U D I N G  L A T I T U D E  R A N G E  TO BE C O N S I D E R E D

NO.  OF C O U N T R I E S
OR S U B S I D I A R I E S  L A T I T U D E  R A N G E

C O U N T R Y , IN T A B U L A T I O N *_ - 
C O N S I D E R E D  

—

Ar gentina 1 35 - 41 S
Aus tralia 2 28-39 S

Brazil 2 5-33 S

Cana da 1 42-48 N

France 2 42-50 N

Great Britain 2 50-55 N

India - 8-32 N

I t a l y 1 39-45 N

Ja pan 4 33-45 N

Mexico 1 1 5-20 N

Netherlan ds 2 51-53 N

Spain 2 35-43 N

U.S.A . 6 30-48 N

U .S .S.R ./COM ECON - 40-60 N

Wes t G e r m a n y  2 47- 54 N

*Grant (1977), S c h e d u l e  1

From the data quoted in items 1 throuoh LI above , and in-

clud ing Table 0—7 , it is clear that the primary production of

fluorocarbons is in the latitude ran ”e of 30 to 550 N , w h I c h  i r U —

cludes the U.S.A ., Europe , Japan , and most of U .S.S.R ./COYECON .

Elear ing in mind tha t t he  ca te go ry “other , 7 percent ” in i t e m  I

includes COMECON at about ~ percent -—see i~ em 3, thIs would leave

2.5 percent unaccounted for ; and this may be cnnpo re-.i w~ th item

3, 14 percent in the Nouthern Hemisrheno .
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ter,r’c e’ h:’L ie:~J - :s~’I :_)s ‘L rtI— ’ot onC. ‘dren. ’ ) :-;~ ~i1 I c  sca’/’’Iu’~ -1 a:-’,

E bb: , “ - c . ,  r’’~~her th ’_ )j 1 ‘ i c ’  os ~~~ - I n s - i  0’ t~~’- - - r - i ~ :~~ . 1, 1k ’’: m o s t

oc b - - r hr ‘- .1 h- s . U b I , ~ 11105 ~ “‘ :‘ i’~ — w i l l  o’ ‘-“, O - u s t e  I C 5  f f n e

tIul ’-s ’.’:L ‘h are moo 4 y U-:o~~~l” c~ out  ~ ~.
‘ :-ro- :ij I’ cS-ion Or ’ e lse  f a l l

to C 0’ - nrc’::, by sn’dlmer:la’ f o r :  , m t  L~~r ’ boo be in ,- t n ar , n n ur t e  ~f
*C O C  of t O ’ : “ n l o r : e - ~ ary  b ou? -0 r ’v 1~~v are ’ ’~ to enter t h e  “ f re e

tin - - - w here . ”

7 Y~~I : n t e l y  2 r - - r ’ c e o. ~f I0 L o — ; - . ’~ I C  f_ ’ h v 1~~r N  1 i b r c m I d ~ - , as
w~’I r s  mu :  :- . s , — : - n 1- - n - -  U hvl  br r I  ,er , ru -- c o.’ -u: as- soil cod 1’r ’ c f o

f’:::,1 ”tr1is . Su., f ’ac ’ i-c t of chose -:ateri-.Th U . : .t~ 1 15  “ h i-  otmos—

ph~,-~’e ~c ch c r 1ted a:. so sun o  1~’mn: , ’ s ‘ he oat o. ’c I s ou r c e s  of bro-

m in e  f r  :r, S c O , -J ’~’-J , I) , Ir ,  ‘ :‘ ‘ ~- ‘at m ,  :: h e r ’e .  :, t h e  atmos —

d O y l e :, ’-- d in : : : ’, : - -
~~ 

- c t : ’. I h: Ic “ - i l l  r ’eact  r ) ~~tU C.

slo :’:t :’ ’sIt:~ ON , :‘-:‘-~su:’,’_ )u l ,’ -;:t:. .1 f’-~’ 
“ - c’ I~ L J 11~iL~~0 to t:,cSe of’

20 :-os: :  -nIl r.~r chlorc’~ ar’: c:,s ( s - - -~ 
“ a : le- ~~

— 1 , ,‘:here lIfetimes of

o r : ’  r 0 . 1  to 0.-. ye’::’.- - ,r’ - - I i n ’- - - J )  . ‘ N - -i: ; , 00 r e la t i v e  cortrl—
b -i ,t ior, Of’ these hronr c-dar’ u, ‘ : 0  0 - ct r’~ . ’ osr - h en i  r -~’~ rr,:ne ‘,~

,‘iiI be corn—

par’c~- 1e “o t’ . ’~ re1~~tive ~‘c::t:’ibutiso to s ‘- n- ’~to crher’ : chlorine o,”

materIals 1i~.e etn ’,’ln ’ IIc ’t,l r-m ’ 
~e - r. ru4~t h v l  -‘h l o n i -d e , m o t h e r

than th’r t of materia ls- like FC—l ”~ ari~ Fl—12

fa b le — .t h o t s  1: 1w.” r ’l’i i  r u I n  ‘ - i o n  fI -cres for methyl Urn—

mi le oni e tn y l en  ci~ r’c roi de for ’  toe  tir::e ~- -~:‘:o’: 1955 to 19Th , a r I
Ta b le ‘1—9 lists n , best estImate of s-ounc es of br :mmne that enter

the  f~~ UO~~~ at : :,csph er- : , I’, is clean ‘, b-i i., t h e  ‘. ‘ al m a n — m o d ~ source
of nrcr:Ine is not o n ly  r”: l at i ’~’eIy sr- ,c l l , bu t also Its ‘;a:’i. at  i on

oven t h e  1955 to  1975 l ine eric I Is relatl’zeI’.’ small w i~~h ir. any

r e a s on ab l e  error  or 1,1a:~ I a ’. i - cr :  10 t u-c n a t u r a l  S “ roe . At r r er - e r ~~
wh Ile a con s-c ant ,-rour,l—le’zeI so or’ of’ ~5O + 250) x
F—

The l o w e c t  1—On r r o . r t i on  r— ”’ I h 
~‘u r ~~~Y s  “tmor-’here is-i :‘:h~~ch lanr- -’

d a t — r i g h t  tornrer’ature tori :t , i - or ’ o”’rcr , and i: — art icul-i r , rapId
transfer of wat er occurs b’--- tweer. the atn:-spher’f, and Iand/’seO.
Most air nohii:tjon t roc~~sc~-s ~~‘e nlace I s- t h e  h r  ‘in:c:’y l ayer ’ ,
ao l  oC 1 v a s -m a l l  f r a c t i o n  ~ f’ o f t ’  : oIl :tants e--,’er rine above thIs
r en l on  t o  C r l t f a l U  1~}’ ” “fr ee t r - r  os: h’- r”'” :-,hi~~. h a s :‘bove and oct —

s ide t h e  b ou : ~o.’ry 1cr” -
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. /r’r ’  is appropriate in a model of atmospheric bron :ir:’.’ , I n o l u d —
Ir:11 its ~oter:tJal effects on ozone , no significant var’Iat1or~ in
t h i s  source  appear’s to have occurred during the Interval of
interest here , 1955 to 1975.

TABLE C-8 .  WORLD I N D U S T R I A L  P R O D U C T I O N  OF
M E T H Y L  B R O M I D E  A N D  E T H Y L E N E  D I B R O M I D E

A n n u a l  P r o d u c t i o n  ( i n io 6 kg)

Ye a r Methy l Bromide Ethylene Dibrom i de

1955 5 -

1960 5 120*

1965 8 -

1970  13 190
19 7 2  16 205
1974  13 190
1976 16 160**
*
Early 1960s

**The decrease is genuine , associated with in-
cre a s i n g  U.S . use of unleaded g a s o l i n e .

Note: E. B a uer ’ s estimates , based on data from
the Bureau of Mines; the U.S. International
Trade Commission; and K i rk -O thmer (1965),
Vol. 3 , PP . 763 -772. Most primary data
listed are for U .S . production , an d h a v e
been sca l ed on the assumption that U.S . pro—
duction represented 75 percent of wor l dwide
production in 1960 , 70 percent In 1973.
Errors of at least 10 to 20 percent are prob-
a b l e , i .e ., not all figures listed are sig-
nificant. “Ethylene dibromide Is 1 , 2. di—
bromoethane.

TABLE C-9. POTENTIAL ATMOSPHERIC SOUR CES OF
BROMINE IN 1975 (in 10 6 k g Br . /y r )

Source W o fsy et a l . (197 5) Present Estimate

Natural Source 900 900a

Meth yl Bromide 100 12 to 14 b

Ethylene Dibrom i de lOO C 4 t o 5 b

8Fr om Wofsy et al . ( 1 9 7 5 )
b Dr Wm. Hunt , private communication
C W of sy et al , (1975 ) assume that 50 percent of bromine from
eth y l ene dibro rn ide can enter the lowest atmosph ere In inor-
ganic form . H oweve r , Dr. Wofsy In a private communic a tion
stated that most of it w i l l  be washed out , and a n e g l i g i b l e
fraction (~, 1% ) w i l l  enter the stratosphere ,
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A N N E X  A TO A P P E N D I X  C

PRESENT A N A L Y S I S  OF DATA FROM L I T T L E  ( 1 9 7 5 )
TO O B T A I N  ANNUAL R E L E A S E  R A T E S *

Little (1975) quoted estimated world chlorocarboo errissions

for 1973 (Ta b le C A — i ) .  They also l i s t  U . S .  p r o d u c ti on  f r om
l960—74—— see pp. 11—13, —14 , op. cit. In ge neral , U .S .  prod-cc-
t i on  r a t e s  are about  half  w o r l d w i d e  p r o d u c t i o n  r a t e s — —see  Tab le
C A — i ;  L i t t l e , for  1973,  e s t i m a t e s  annua l  w o r l d w i d e  r a t i o s  of
emission/production to be equal to annual U.S. err .ission/produc—

tion ratios—— see p. 111—27, op. cit.

H e r e  I supplement U.S. produ ction fin,ur’ns f ur ’  1955 to 191- 0
f rom K i r k — O t h m e r  ( 196 5) , V o l .  5, pp. 107-201 , and for 1975 to

1976 from U . S .  I nt e r n a tion al  Trade Commission figures (Hepcr’ts
804 and 833 , respectively) .

I also assume , (1) that the ratio of annual world produc-

tion rate/U.S. production rate remains constant f r o m  1955 to

1974 (at the rat ios given in Table CA— i for each chem ical spe—

**cies), and (2) that the rat io of annual world emission/annual

world production remains constant from 1955 to l97~ at the 1973
ratios estimated by L i t t l e  ( 1 9 7 5 ) .

This Is not necessarily a satisfactory analysis , but  it is
objective in terms of the limited data base.

**Galball:./ (1976) estimates the U.S./dlobal production ratio
for ~;C1;4 as 90 percent in 1955 and 50 percent in 1072; the
Little (1975) figure for 1973 is 50 percent——see Table CA—i.

C—23
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TABLE CA -l . ESTIMATED WORLD CHLOROCARBON EMISSIONS , 1973

Regi onal Percen t of ~1otal a
________________________________— Worl d Emissions

Chiorocar bon United States Europe Other (106 kg) 
—

Car bon te trachlor id e 50 40 10 4 1 .7

Ch loroform 50 40 10 12 .4
Eth y l ch lor id e 55 30 15 14 .6
Eth y lene d i ch lo r i de 35 40 25 565 .2
Me thy l chlor i de 60 35 5 7 .9
Methyl chloroform 60 30 10 324 .2
Me thylene chlor i de 55 30 15 346 .4
Perchloroeth y lene 45 45 10 609.0
Tr ich l oroe thy l ene  30 55 15 648 .3

V i n y l ch lor i de 25 40 35 351 .6
aRoun ded to nearest 5 percent .
Source : A D . Little (1975), p. 111—29

For c a r b o n  t~1t r ach 1o r  l ie  and m e t h y l  c hj o m o f ’ — - r ’n . ~~~~ - c : :  I

O th e r  e s t i m a t e s — — s ee  Seer . -n ‘ .2 , es: cciolIv T n - l o u  f — - -c r 1

I:: FIn,’ . f—3 and y— -1 I c w c p ar ’ e i lf f i .r ’ .’nt e:tin: tes for’ :i’iYiI:—

sion rates of these two species , and conclu de that t h e  -‘ -is -m rs

estimates agree quite well for m e t h y l  c h l o r o f o rm , i sO n o t  f or

carbon tetrachlor i-ie. The disagreement for ca r b on t ’ : tr a—
c h l o r id e  is u n l i k e l y  t o  be ve ry  s i - n i f i c a r o t  , s ince . ,t is ‘ he

burden  of p re—1 955  i n j e c t i o n s  r a t h e r  t h a r :  t he  rir o n a l  io~ ectico s

t h e r e a f t e r  that are probably most im~ or:anc f-c-:’ the :-r’ r-se r , r

atrr.o rob-her ic Ioad inn of th is m a t e ri a l , h ot  he I ‘t’i t inns be-

tween  t h e s e  d i f f e r e n t  e s t i m a t e s  does r a i s e  a, w ar r i ln r  f l a p ’ c ’s- c- or
p o s s i b l e  e r ro rs  in t he  present e s t i r n a t -s of .cr :’ , c:: hes- ’I~ c m i . :—
sion rates,
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A P P E N D I X  D

STRAT OSPHERIC IN JECT IONS DUE TO
V O L C A N I C  E R U P T I O N S , 1955 TO 1 7 6

0 .1 DATA AND MODEL

A l i st i n g  of  :r - ~~~cr ’  n r - lc’ .- o J .n  -~- ‘ r r ~~. i ~~:us ~ r - n r r :  17 5 9  t a  107 1 i n
p l v e n  i,c T a b l e  5 — : .  PLo l i st  i~ r i o t  oa’: : u l e t e — — Y r ’ . S. SoI ,f

( D : i r t m - o r t h  C o l l e ge )  P r- , ”- : ’r : - : ’i  op  a ::‘Ucr; :’-r’e comnr .- er r s  r o e l in t—

r r :— — S e e , e . p . ,  h a r b o r a  an d  , l n I ’ (i~~’8)— — t -At It pr o- b ’i b l r -  I:: —
- ‘ lu  i - ’ . :- a l l  - -r  s t i o n s  t h a t  :~~ of . r;iaf or ’ nmc Ar ,ts of ma ’.-e n ic l  in t o

h-: s t r at o :  h-~ r ’~~. 1 1— f I s t s  t he  su : 5 0 0 0  scr ’a to s r u er i c

~n , i e c t i o t 1  due to oh- :  o: . l s- e r up t  i : r r c  of  l i t . 5:-cop. ~ 1963 .  P--

Oc r - ;  t h e  en~ lrn~~te :  c ’  ‘ r~cIle ct a l  . ( 197 6 , 19 7 7)  b a s a l , alt- Im c t e ly ,
- r :  s . ,ur - - r rn ; j -ab l i s h  ~r :, : c i m ’i~ CO O1~ Los- ::: ( s - c e  i - I It ch e i I , l~~7 O ) ,  o n —
, ‘ us t .od  to apr’ o the mass of  f l : - :  dust estimat e-i L 1r 5:: s- r
(nIl), at:: also s-h;:: of’ Self (~. rL ,’-rt~ c- .nmnurii: at Pan) ‘th is-h are

b a s ’J solel y -or: o -is ’ In’ r ar:rr:eter’:r , In part ‘ ou l a r  on the re:-crt

of’ Zen o r  f i : H i k r n ’ - r i r o-~ (~~~6 4 ) .  To o n : , -; of  ‘ h e  v e ry  u s - i s - e u  -cat :,

b -ris e nrc s-h- : d .ic ’f o r’~ -nt  s- :t I ’ods u ;c- d , thc ’ relative ly rood ac- ro--- —

runt of tb - ’:e to o  bc sets m-~.:t bc cc-n: H-~un-i rath er -s ot i s f a  ~tory .

Re p - c ri m p’ the hoi , Ih t  of  .i n~ ect  r u n , we may ~-s-ssUme tron ’ f:r a

: I I V : ( )  e r u p t -  ion the materi.:il in din:t:’ i h u t ed  u n i f o r m l y  h c - t w e e n  t h e

t i ’o r op1u:e  u r nS  ari ouserved rca :’, Is-un: :i~-i pht  . Values  fo r  t hese
heights are l i s t - a d I n  Tab le  D— 3 fo r  toe la r g e s t  v o l c a n i c  e r u p —

t~ or~s; once aga i n , w: may  n ot e  t h e  very limited data base.

he ‘a-Ic to Lip . 4 of Lam b (1970), to yr iend

(1:472) , ‘ no d c o r e r  ia  fly to ‘,‘/fl- ;on :0 al . (1 P7 3)
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TABLE D—1 . MAJOR EXPLOSIVE VDLCAN IC ERUPTIONS , iI-55- ’
~6

Da t e c i  i -  -~~ - i  ~- e) ‘- - / 
-‘ 

. , —

Jun ] g r 5  - 4 ,  ,~~ s-,’ n c u  , O L e  40- 4 1 ° 0 . 72 ° 
~ 2 ( 0 ,~~ ~

- - -

s-s - ‘-a . i n  l e ~’-, — , ,  ‘ , , ( ‘ ; . O )  ‘ES  ‘ , , t :  £ 1 ( 1  • ‘ ‘ ‘ ‘~~- ‘

21 -n ‘~/ ,  01.5 u y L ’ l”  (e tch Th i le  ~~~~ ~ 72- ~ 3° 3

00 n e - el 4~~’ ‘,, t 4 ~ ° £
n c  s a i l

.ini ‘ ‘ - t n - , s-a d 8 - 5 ’  5, ~~~ 5 . 5° 1-

12 ‘, - - .- 0- -i h,- ,, u t , K an c h a t~ -i ton  ‘ , , hi £ 1 ( 1  ~r- te~ h’ -s  - ?‘

28 Sep Of -  T au l  . Lu zcn ii  ‘,, 12 1 ° U 3 Y et

Of - n  :-~~‘: st , - iask u f - - b ’ 
~~ , 1 5 ;  ~

06€ nO:  8° 5 , 112 0 
O r c b a t l e ,

Ot coal

i n  Aug 1- O f f Awu , - e l e bes 3 , 5 ° ‘, . ~~~ 5 , 5 ° r 2 (~~ 3 ~ ;‘-~~ d a t  ‘e’

4 - 7  Lec 1967 Dece pt io n IsO r - 5 63° 5 , € 0  . 5 ° 
~

36 7-hiS ked Yt  j ’ i  ‘i -le nt

11 - 1 2  2 u 1  1968 Fe r na ndi na i s . ,  On apago s 0.5° S , 72° a 2 ( ~ 1 k- ? )  ~es

5-6 May 1970 H e k l u , Ice la nd f-1° N , 19 ,5 ° W 0-s

1 970 Deception Is land Or,

1971 - 1 t ,  -u S s r , Chile 46° 5 , Js -
c a

19 7 7 A la i d , r u r 1 l e  Isl ands 51 0 5 , 155° E

23 ‘ - 3 n - 1 6  Feb Q O He lg a f e l l , Icel an-’ 6 .i ,5~ N , 2s - . 3~ W

974 Ap ib ia n  8° S.  119 ° E

1 0 — 2 3  f l 5  1974 Fue go , Gua te m ala n - P  1r , 9i~ ~ 2 on

13 7 5  d-~s k v To lbuc hO , Ka~ c~ it ka  56 0 N , 10° E ~rc 5 u t l e
b . c  s n a i l

23 Jan 1976 Au g ustine , A l a s k a  59 -5 N , 153 . 4° W 3 Yes , h,t

a A q u a l i t a t i v e  measure of the overal l ma gnitude 0f th e erupt ion (not necessaril y t - strSt”- ; , be ’-’ n
in jection - 

- -~ee Sa pper (1927) and Larr b ( 1 9 7 0 ),  1 is b i g g est , 2 is  ar: order -
~~ r u r l t,c;E s--.all er ,

3 is an order of m agnitude smaller yet , in terms ~~ ei ther mass or volume of r a t e r  1 e c a c i S ,  ‘ - - I ’
tha t no successful scaling has been achieve d in that t he  volume of m a t e r i a l  i ’C ect r --S , O’n - - e r ;;

re leased , and the amoun t and chemical co m positi on of gases emitt ed are net  s i ;~~ l~ rela te 1 . i t
likel y t h a t onl y studies of i nd iv idua l  erupt 0 - ”- w ill b - vt su ccess in or ’e Sic n - ‘ ‘ -  s t r I t -  ~,n h e r i v
inj ectio n , in te rms n- f the total mass and c rp o s it i c c .

b ,0~ ~ O e l f , pr ivate  co~~ un ina t i o n ,

,

~ 
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TABLE 0-2 STRATOSPHERIC SOURCE FUNCTION OF THE
A G U N G  E R U P T I O N  C L O U D

I
Mass , kg
Estimate of

Estimate of S. Self (private
Cadle et al. communication , a Suggested b

(1977) May 1978) Value

Total erupted material 
c 

~ x lo 12 1.4 x io l2  2.6 x io
l2

F i ne ash d 1 x 1O
’
~° 9 x 10~ 9.5 x 10~

Total gas - 2 .9 x 10 10 
-

Water vapor e 1.2 ~ io~ 2.2 x io lO 5.1 x 10 10

Tota l S as H~SO4 ~ 1.8 x 1010 2.1 x lO~ 6.1 x lO~
HC 1 g 1.2 x lO~ 7.3 ~ ~~ x 108

~ Based on 17 March and 16 May eruptions.
b Geometric mean of the Cadle et al. and Self estimates .
C Most of this material does not enter the stratosphere.
d Cadle et al (1977) do not specify the particle size; Self refers to particles

< 2 iim d iameter .
e 

The mean stratospheric water vapor loading is “ . 2 x io 12 
kg, see Appendix P .

5.1 x 10~ kg H2S04 contain 3.3 x 1O~~ S atoms so that presumably (3-6) x
lO~~ OH radicals are consumed in the formation of sulfuric acid.

g 
~~ x io8 k g HC 1 conta in  9 x l0~~ mole~u1es.
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In Ta t l e  D — $ ,  a ’ -  al so  i i  st L ’ . ’ C S : ln I - : f l J’s - l  s- s r ’ee  f s r -: ’. ~o n :
0.l,s ’ nla ot’ e~’ e- l . i n s  b -ta - - n  1 1 1 5  an d  197’ , ,  T h ;  l ’oll .o’: i :-~

fli nt. ,o- . h u I  I he r i o t ’

• 5~i o ’ . ’t ’ i . a : n u i : , ;  in  ‘ibsoluse ~i , je ct r : d  a m o u rit t  ti :.-’ ‘ u f a s t .  ~
2 LI . ) 5 (up sr I -an) e x i s t , Lo t th~ rat ios d U - : t ’ :d h

Ta ti e D— 3 na:, h ave  a sn ille  r ’ u r i c e r t a i r i t - ,

• ‘ne .~:Cl rat o di ffers dr ast  ically l. t:tW eOfl l i t ’  1” - r ’e r i .
t y -es of e r ur - t ion s .  For I c e i t i a n d i c  and H a w a i i a n  “ ou r —

t o — i r s :  ( ‘ s f I ’ u s iv e , not  explosivo- ) t he  r a tio  is of ’  - r’d -s r
10 to  2 0 : 1 , w h i l e  for  C e n t r a l  A m e r i c a n  v o l c a n o e s , -,‘;h i . : h
-n ’ .- more e x p l o s i v e , t he  r a t i o  .i. s of order  1:1. [.~ee
T h I~~r ’son ( 19 7 1) ,  Sto ibe r  and R o t e  ( 19 7 3 ) ] .

• ms ave ra~~e ~ss c o m p o s i t i o n  used by f . Se lf is 75 r er ’sen t
41

2
0 , 15 percent C02

, 5 percent “°2’ 2.5 percent HC1 ,

‘5 t e r c e n t  o t h e r s , but ev idently larg’, e variations I’s-am

t h i s  mean c o m p o s i t i o n  o c c u r .

• In s-a r t  cu l ac ’, for  B e o sy m i a n n y  and Sheve luch  t her e
v-i r s-’ l i t t le  da ta  ava i l ab l e .

0 . 2  P O S S I B L E  I N F L U E N C E S  ON S T R A T O S P H E R I C  OZONE

th e st.ratsspheric injections due to the Agung eruI tion , as
i~~s s - e -:.I i n  Table D—3, shoul d be com pare d w i t h  the  ‘normal” strato—

,:ph’:r’~~- i o a - i i s ; ’ of the relevant mater ials. Thim i s  done nsa f-sr

c n n  on:. - r;:: t in turn. (See also Stolarski and Butler , 1977 ,

S t  e t  ‘t i .  , j178.

0 . 2 . 1  A e r o s o l s / S u l f u r i c  A c i d

1 ,  s-h e ~- wax’ stratosphere there is normally a re rion of ~‘i t o

l — a r ’ s - i s l e s , n’s’ i-- ns i ty and c o m p o s i t i o n  of ’ w h i c h  is q u i t e  var~~. L - e .

S: 1 : 1  1oa-i .r i ~~s in n o n vs lc a n ie a l ly  p er t u r b e d  t i m e s  ( e . r ~ . , U ’S

t o  L ° ’( 3,  r r ’ior iio t h e  e s - o p t  ion of A~t u n r t ) are of order of one t - a r —
> 2

ole  of  0” t I l  0- ‘o 0 .1 5 l I c ~ pe r  cm~~, w~ th  a v n - r t i c a i  - x t  en of ’  I 1-:: ’ .
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cOt s-u1 ’~’d r ti~ on l - ~ o 20 .om , t i’: so— ‘~~l leoi “Jun 1 e la~,’er ” Hf. -
Ca i i e  et al. , U 7 5] .  T h i s  cor’~”sj orsds to 5 x 0° p a r t  L c l e s / n , 4 —
cc 1 - n i , or a gl o b a ’  load hip~ 0: ’ o ruer kg (if each particle

has radius 0 . 15  p1:. and a i~- r s s J . s - y  of 2 t o  3 gm/cm 3 ) .

Stratospheric aerosols are generally considered to be ma de

up or’ a mixture of impure s u l f u r i c  acid ( i n c l u d i n ; some imrs-o-r,~~n:,

s u l f a t e )  an-I of s i l ic a r ,~~s , i . e . ,  f i n e  v o l c a n i c  a s h .  ‘~hc o s l o—
t i ve  a m ou nt  of t h e s e  m a t er i a l s  f ou nu  by d i ff e r e n t  o b s e r v er s  at
d i f f er e n t  t imes  and p laces  v a r i e s  s i gn i f i c an t l y .  Table D — 3  l i s t s
a c u r r e n t  e s t i m a t e  of the  s t r a t o s p h e r i c  load ing  due to  the  A~~u r . ~
e r u p t i o n , w i t h  com para b le amoun t s  of s u l f u r i c  ac id  and s i l i c a t e s,
oral a total mass injection of order’ several times 1010 kg. Thi s
is c o n s i s t e n t  w i t h  the  c u r r e n t  con cep t  tha t  e x p l o s i v e  v o l c a n i c
e r u p t i o n s  are the  maj or source  of the Junge aerosol layer.

R e g a r d i n g  the  e f f e c t  of t h i s  i n j e c t i o n  on the  s t r a t o s p h er e ,
it is generally considered that stratospheric aerosols of vol-

can ic origin affect the cliriate [cf., e.g. Ol iver (1976)], but

it is possible that they may also affect the stratospheric photo—

cnes-,istry ; thus , Cadle , Crutzen , and Ehhalt (1975) discuss h e t e r o —
eneous reactions that may take place on the stratospheric aero-

sols. Also , if the  s u l f u r  e n t e r s  the  s t r a t o s p h e r e  as SO 2 w h i c h
is the re  o x i d i z e d  to sulfuric acid by reaction with OH radicals ,

l oca l ly  and for  a t ime  of order a month this oxidation of SO8
may also provIde a significant loss mechanism for the OH radi-

cals , and could thus affect the local ozone concentrat ion.

0.2.2 Hydrochloric Acid

The total stratospher ic loading of C1X = Cl + C1O + HC 1 ÷
010 

~~2 
is approx imately 1 x l0~~ molecules worldwide (6 x 10~

ki; as HC1)——see Appendix ~4 .  Thus we see that the stratospher ic
Ir i j  ection of HC1 due to the present model of Agung is almost as
l oose  as the global loadins of Clx. this might be expected to

show ‘~r. e f f e c t , e i t h e r  by redo:  in~ t he  o:one t h r o u g h  the  c a t a —

U t - i - :  C I K - 0
3 

c y c l e  or e l se  by t r ’ ap p in ~ HO :4, and N O .,. as HO d and

2 , 3

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~--~~- - --  - - -—“- -~~~ -— ~~~ - ------ -—---
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11ti~ r t ~~ i’ s - ’ i t  ‘. 1 1 ’  C ’ . :  t i ’- ’ i ’ . - O~~ 
‘ i .  - 0 - - o t t ’  1_; - , - ‘~C i

~ t . r ,  t o  S~ s: 10 - - : — — s - . - a : -  - r i >  A — —  ~- i i ! ~~
’ ( i : ‘‘ ‘ - o : ’~~ O: . o f
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~~~:i

’, ‘ -  ‘i i !  - 51 t i  J t’ ,‘~~ 
- 1 N I

si ‘i t  - ‘ i :  - ‘  N - ‘ s’.- n :  ‘ N V a p - -

see ‘ N - t i  as t h -  
~~

‘ f ‘ t .~~ ~. - i :  1~~v~~i.; r o s s’s a ’ - r ’  Ia J o  ‘si
a l .  ~i. - )7 o- , 1 5 ’’ - ) ,  ‘ i ‘ .CSP ’, c’i I i ’ : l ’ i . ’ -~~ ‘ ,t ’~~~~ .‘ i - ’h  ‘~~~ - N O t .  O f

0 - r O ’ ) ” , .‘. - i ’I~~~t r - ’ -~‘ i -  5 ’ - - 1 t O  01’ 1 1 - ’ , e r r ’ ‘‘ ,c t ‘- ~~ ‘Ni’ t ,! ! t . b-

Y~~ ’. O s - t n  ~, . ‘O, t i - b ’. ’ ‘ n C _ t i ’ . :  -S I ’ S ’ .:- j 1’- _ - too s o t .  ‘s” )  ‘ ! ‘ A S . ’ n

i i t ; .  Ar s’-:- l I ‘~n~~~L P r ’ , h-:- v ,’r ( I ~7 . )  : n i t .  i r s - i ’ ’ -- ‘isa a

t o t a l  0 r i - ’ — — .NS ,-e~- l i  a: ’ t - : ’  — - . 1  s - ’ . ’~- I S O  5 . 5 1  O t S .

s - I s :—— - s - u r i n e  s h o rt l y  :i: ’ I e:’ t i ’ ’  eu ~ , n r _ t r r of  A 1’-j ao .;. A

of .v ‘: --a -:’ r-n :- h a s - s  n.-:’ - .n e rit.c -.r n ’ : r su - a I r e a r .  i’ s i - s urs ~ C N , C ’ t :O N.  i ’:- . e.
f le e r ’  n . e ( 1 9 7 5 ) , b o o r ‘ ins - r i  41u~- :h-:-n ’ :e- :  U -n d S ) , ,  a’’ n i ch  is
I a  ‘u5, - 1 t i ~~ f o r  5 ’ i O S i ’ Cj’ , - m I  r i n k s  of ’ 1151 , ‘io-: ’~~:. _ 1 t , e t _ ~ . , i - i t C s - i —

n~~~:, n i . ‘or t o ’  n r ’ -ssent . I - U n ’L ~Ose .
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A P P E N D I X  E

T I M E - D E P E N D E N T  P R O D U C T I O N  OF NO A N D  OH I N  T H E
STRATOSPHERE RESULTING FROM COSMIC RAY IONIZATION

IN THE 195 5— 1975 T I M E  F R A M E

E .1 I N T R O D U C T I O N  A N D  S U M M A R Y

Ruderman and Chamberlain (1975) and ijicolet (1975), enl ’_t c-o—

ing on an ear l ie r  c a l c u l a t i o n  of W a r n e ck  ( 19 7 2 ) ,  p o i n t e d  -cat  t h a t

galact ic cosmic rays (ocR) msooduce ionization in: the stracocohene

wh ich leads to increased NO production as a r e s u l t  of’ ion chem-

istry, with subsequent effects on stratospheric os-one . The COB

i n t e n s i t y  is modula ted  by t h e  solar wind and thus v a r i e s  w i t h  t h e

11—year sunspot  c y c l e , l ead ing  to an l i — y e a r  o s c i l l a t i o n  in CIt

( NO ÷ NO
2) production. with its maximum at 

sunspot minimo-o::..

C r u t z e n  et a l .  ( l 9 7 5 ) — — s e e  a lso H e a t h  et a l .  ( l 9 7 7 ) — — p o i n s t e d  -s-u ’.
that some large solar flares produce bursts of h10:h—erergy nrc—

tons , the solar cosm ic rays; these “Solar Proton Event s ” (S-HE)

also p r o d u c e  i o n i z a t i o n  in . t he  s t r a t o s p h e r e / m e s o s p h e r e  t h a t  w o u l d

be expected to affect NO and hence stratospheric ozone . SPISs

occur mainly near (but not at) sunspot maximum . Both -CCBs- and

SPEs are modulated by the geomagnetic field and thus their’

effects are max imized at hIgh geomagnetic latitudes. where chris-’- ’- —

ed part icles of relatively low energy , momentum , or “roi c”idity ”

can penetrate most easily into the earth’s atmosphere.

There are also other sources of atmospheric ionization ‘,‘,‘hi-s h

may exh ibit some time—dependence , such as C—rays , EUV (in par s- ic—

ular Lyman—alpha , 121.6 n m ) ,  auroral electrons , etc., ,-,‘hich all
lead to ionization at altitudes above 60 to 80 km. At t h e s e

alt it-ades , there is very little ozone , and the lifet ime of 15-C
,, 

is

15—3 
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so sn- rs - - that all the NO p r o d u c e d  as a r e s u l t  of i o n i z a t i o n  y l

It-c u O s t r ’ c~~ed p h - t o c h e m ic a l ly  L - e f o r e  it can move down . t o  a l t i ’ -. ~ d ’s S

‘ P i n e i s  a s~~, sn i t’S c an t  amount  of ozone  (m a i n l y  below 35 k r s - ) .

Two o s -h e r  e f f e c t s  which have been cons ide red  are t h e  f o l l o w —

a. relat i’:istic eieotron preci s-itation (REP) events (morse ,

197 -’, 1 9 7 3 - ) ,  w h i c h  can  be shown to  be smal l  in t he  a l t I t u de  rann . e
of s - s - e z ’ e s r  h e r e , be low ~5 k m — — s e e  F igs .  E — 7 and 55—2 .

b.  h igh  energy GCBs (above 0.1 to 0 .3  0eV) produce  chlo-
r’irse isotopes 36 , 73 , 39 in the atmosphere through nuclear re-

a c t i o n s  w i t h  a t m o s p h e r i c  argon (see Lal and Suess , 19 6 8 ) .  W h i a e
t !,c5e  Ch lo r ine  i so topes  do undergo chemica l  r ea c t i o n s  (R owland ,
1-97 3)  and t h u s  can a f f e c t  the  ozone , the  t o t a l  number of atoms
f:’o.isced is so small (~ 1O~

_ 10 
times the number of Hox or NO~

mol ecules produced by GCRs) that its effect on ozone will be

- c-or. Ii lb  I e .

Here we summarize all currently known time—dependent sources

of ionization in the stratosphere which , by produc ing either
oxides of nitrogen (5-:O~ = CO + BC 2 ) or ox ides  of hydrogen (HO t = h
OH + FC~,), would be expected to have produced time—varying re-

Juoti . ors-s in s t r a t o s p h e r i c  ozone  du r ing  the  1955 to 1975 t ime
n e rl  s—I .

Tn.c ’ - .r - u c l u s i s - n s s  of t I~S d i s c u s s i on  are the  f o l l o w i ng :

• One ion pair produces , on the average , 1.3 NO molecules ,

an—I 2 . 0  OH radicals (see Section E.3 and Fig. E—5).

• The largest and principal time—varying effects of (solar

an-i. galactic) cosmic ray ionization on ozone occurs in the

polar cap regions of high geomagnetic latitude A ,~ 
60° to

6~~°, which are shown in Fig. E—2 . Also see Table E—l and

Fig. 5—3 for an effective representation ifl terms of geo— H
oraphic latitude 0 for use in a two—dimensional photo—

s-f. -soical/dynamic model of ozone .

- ~~~~~~~~:± ~~~~~~~~ _~~~~~~~~~~~~~~~~~
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• It hi -s- in latitudes , nmns-.ss- of’ t h~ - o’~s c r ’ ’  lI e s  b e l o w  25 to  30
see F ig .  l t — I

• B e- s ’s -use  of  s-h ’ :- a lt i t ud e  ‘,‘T ir i a ’. ion of ’ ph o t o c h e ml c -a l 111’ —
t im e s  for ’ CO arid OH , a n - I  a lso tin- ~ c h — _ t a ’ a - c t e r i s t i c  s - t m ’ s  f — -r
ver ’ t i cal  d i f f u s i o n , CO p ru ’ I n n € s - I  n e l o w  a p p - r o x l m s u t  e ly  u5 km
n u n  a f f ec t ,  t he  b u l k  of s -he ozon e , Us-n t b e c au s e  of i t s  r~ - 1 u —
t iv e l y  sho r t  l i f e t im e , the  OH r’a o i i r a l  Is m os t  Os-, l S ,so Iv
- d i f f u s e  f’ s-’ e -o ’u s:i ( :-~~y , ~ 1 Pm: ) b-s affec t o zon e  s - s - h r
t h a n  l o c a l l y  (see  A n n e x  A to thSs A r  € .‘ r n d i x ) .

• Tins i . o nizat  i s - - m n  p r - t I l e  du e  to  - -41’.s miss y i c  expressed as -a
f u nc t i o n  is-f ’ b o t h  t i m e  ( r e la t iv e  to  t i .” yea r  Yll  -c- f -14141
m a x i m u m , i.e. , so la r  s u n s p o t  sninI rs-um ) an:d of ’  l a t i tu d e
( wh e r e  we d i s t i n g u i s h  b e t w e en  s-he  m olar  cap r eg i o n , de-

f i n e d  in t e rm s  of the  cu rves  C 0 of F i r .  E — 2 (or  A > 6c- ° )
and the  r e s t  of t he  e a r t h , i . e . ,  c u r v e  “

~~~~~~~~~~ 0

” (or A < 6 0 ° )

as fa-1lows~

I O N I Z A T I O N  P R O F I L E  D U E  TO G C R s  I N  T E R M S
OF E Q U A T I O N S  OF S E C T I O N  E . 4

High Geomagnetic L a t i t u d e , Low G eoma g ne t ic  La t i t ud e ,
C 1-C
0 
_ _ _  

0

z > 20 km . E q ( 9 )  z > 31 km , Eq (12)

15 km < z — 20 km , Eq (10)

1 0 km c z < 1 5 km , E q (1 1 )  18 km < z < 31 km , Eq (13)

• The i on i z a t i o n  p r o f i l e  due t o  SPEs say  be t a k e n  as u n i f o r m
w ith l a t i t u d e  over the  polar caps d e f i n e d  in terms of t h e
inner  curves  C~ of F ig .  5-2 , or equivalently , for geomag-
netic latitudes A ,~, 65° . The altitude profile of ioniza-

tion due to SPEs is shown in Section E.5, Fig. E—7 .

• The overall magnitude of the effect of GCRs and SPE5 may

be represented as follows:

E-5

_ _ _ _ _ _ _ _ _ _ _  
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—— A s- so Ion r sun ~~~~ s-i ni mann. , he total number of ~on

n - a i r s m n  n a c id h /  7C~ - ,~ 41 t h e  s t r a t o u n ms - er ’ -  s-y e :’
P po l ar ’  c a m  ( A  -‘ 6 0 ° ) ,  as s - i l  as t 41 .- t ot a l

rooms - be n of’ ’m on pairs i rodu-c cd in tine stratosm her’c
‘,T ,’r lover lat S t~~i ’ i e~~ (A  < L0 °  ) eacn exceed the

s-1pr -:po’i .ote musher’ of 1— s - r n pair’s r.— r’ odue ed at u s —
spot m i x  s-sours h-y a m - n :‘ox :r:itely X ~O i-c r. nuos - no

or yea r  ( s o c  C e c t i o r n E .~~) .

—— A lan’ s-c SPF no r ’ - c d u c e s  20 x 10 32 ic- n ms -airs  ( s e e
Tab le  - , — 3 ) .

— —  I41r’irs-~. the 1955 o 197° - t i me f rame , t he re  have
beer : l u s t  t a r - c - nss -j s-r s e r i e s  of SPEs t hat  s ho u l d
0 c c  -s r , s i  icr’: S f r ’ s -ms  th e  st an s - ip o in t  of ozone  d e n l e —
t i c - n , n a m e l y  t h ose  c-f C a y — J u l y  1959,  November
1960, s-n i , A u — s - s t  1972 ( s e e  Table 5— 3 and F i g .  Is -— fl .

— —  The Sov ie t  a s -r s - o sp n c r i c  n u c l e a r  t e s t  se r ies  of Fa l l
1961 (the largest ever , correspondino to 180 Ct

total yield) injected (70 to 270) x io 32 150 mole-

cules into t h e  stratosphere .

—— She - -Ilo~ a? sr.rat os -tor i a loadln~ of’ 50y ( 15 - 1 +
+ 6551 ~~) í a  - - - o f ’  oi ler  (11 to  15) x iO~~

s- m olecul s.

—— The c l ob a l  . r t r . i O o s oh e r i c  l c a c m i r i r ’  of iIO ,~ radicals

(= 615 + I T O . - ) 1~ .; of s-r iSer (7  to  16) x 1032 m o l e c ule s ,
*c o n , with vers- 1s-~~’~~e url certsiils -ti es.

E .2 PENETRATION OF IONIZING RADIATION INTO THE EARTH’S
A T M O S P H E R E
‘n’,° e have to consider X—rays and gamma—rays , electrons and

heavy part icles , pr incipally protons. All electromagnetic ion—

icing radiation of wavelengths longer than 0.3 nm is absorbed

above 80 Pm , s - u i .  t h e  overall intensity of X—rays of wavelength

*
~ee Appendix A for’ a discussi on of this point .

E—6
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less than 0.3 nm is so low that this again may be ignor e S i i :
the present context . Regax’-I ir~ -~ part iculate i- -u s -l os t Cli , Fig. 15—1

shows the effective p e n e t r a t io n  d e p th  of e lec t : ’c - r ~n o ansi p r o t o n s

for  v e r t i c a l  i n c i d e n c e .  The f’ o i l o w i ng  m s c l r , t s  st~s- u s-si be r a t e d :

• For o b l i q u e  i n ci d e n c e , t h e  a c t u a l  r € - m e t r ’ t t i n - m n  dens-th is

s l i g h t l y  less  t h u r  t he  v a l u e  c h c , w m  . ‘CPus , t h e  I - ro ’ .~t r ’ a—

t i on  dep th  is r e d uc e d  by ab o u t  5 Pr:. for  an r ’ i e z  of S —

d e n c e  greater than 60° , ar id  by 10 Pro for’ ur :n”ies of’ Si - c -

defoe greater t har n 80° (see ReS T , 1970).

• For charged particles , the ener gy loss -due to Sos. izas - ion

(average , 35 eV/ion pa i r  in a i r)  m a x i m i z e s  :iun ’ i~ 
last portion (say , 1 to 2 scale hei,. ht:) of’ the P [-s-f.

Fermi (1950 , p. 3 3 ) ] .

• For protons at energies in excess of 100 MeV , nucle ar’

collisions are a significant source of energy loss

through the production of ‘stars ” and “ show er’s. ’ The

physics here is significantly different rcf. Fermi

(195 0, p. 215)].

The ionization in the atmosphere lea-.is tc ho and OH soc- c  lea- ,
wh ich  in t u r n  a f f e c t  the  ozone . For a d i s c u s s f o n  Of 5 5 1  ar -I OH —

product ion , see Sect ion E.3. The n -- xt question is whether the

CO and OH molecules produced by ionization at a given , m e S a s - i’,’elc’

high alt itude z
1 can get down to where the o:c-r:e Is. S’ec Fig.

E—1 , which shows that at low and mid—l nn ti tu-d es this in  m a i n l y
below ~40 km , while at high l a t i ts n -.f e s  i t  I s  mainly bela’s 30 k~s .

High (geomagnetic) latitudes are nai’ticu lmnrl y sign.if’i cars -t 41—
cause the earth’s magnetic field -Se fiects charged part i s - l e n
away from lower geomagnetic l a t i t ud e s , bu t  nc- b fr an  t h e  r - c T h i ’
cap regions in which the flux of charged parti cles is ans rs’-::xi-
mately equal to the flux in free space.

Figure E—2 shows the polar -cap regions that are ps - r’tS. c u l sr ly
affected by cosmic rays , both solar and galactic. Tho irs-ncr

closed curve 0~, correspond s roushly to ice s : oo -r c ’:” l c  l at i. i cni e A > 
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FIGURE E-2 . The Northern and Southern “Polar Ca ps. ” SPE ef fects are

im portant ins ide  curves C ., while GCR effects are mos t
Important insi de C0. 
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65° (total -area L1 .8 x 1013 m~ i n 4 1 ’)  h ”m i u~ r :e r ” 1s)  ; tr:is 15 tP ”
m’e~ - : i - : m  1r~ ‘shic h : ; o l m r - t - r ’o t o n s  p r o - r u n e  th~- L i g g e~~t. eS ’ :’eo t, . Ti ’-

out  en c u n ” ,s.- 5 , .- i T , j c h  c o r r e sn o n - i s  ;j~ m o - s  i rm:ately to georma; —~,’-~ 5 2

lat i t - n - J ~ - A > 600 (total area 6 .9  x lo~~ rn~~~) i s  that over ’ w mii-: h

the irn iact Cm cos~ i ic m a y  flux has its n’ls.teau value , and sbo -s- td

tl ’u s be USL’ - .i for -~HR effects.

2h ’~I’ e is a quest-ion of how these curves C~, sh— uis-d be m’ — - i d e  I

in a two—-Jimc’nsP-r -cl )-notochc- rmn cal,’dynarnic model whi s-h us’ s geo-

graph ic is-it it -s -s - i- as or,e parameter. Of course , there s is-- :- ‘;‘~‘r y

sIm~: Ic c121’r’elotion between geograp hic arcs-i gc ’orm1-os’r n - t i c  1 o c s - S . s - u~Sc’
TI-n e f o l l ow in g  p r o c edu r e  is sugoes ted . Let t h e  p o l a r  c a r - s  Ic
d iv ided  i n t o  a n n u l a r  zones  of g e o g r a ph i c  l a t i tu d e  having 5—I”g

width , 
- 

i.e., going from 60 to 65° , 65 to 70°, etc. For each
annu la r  zone , we ask , what f ract ion f~ ( , ~ = i ,o) of the area of ’

the zone lies inside curve C. of Fig, . F— 2 . Table E—l and also
J

Fi .  E—3 show the area A of each cone , t h e  f 1 (K = r n o r ’t h . s o u ~~h ) ,
s.rn-J also t h e  effective area , weighted by f~~~, that should be us41
he r e . Cot e  t he  a symmet ry  b e t w e e n  - lo r the rn  and P out  herr :  H e r : , i s —
p T. e r ’es ;  the e f f e c t s  e x t e n d  f rom ~40 to  90° , bu t  m a x i m i z e  15 414-

7 Q 0  lat  t u d e  r a ng e .

Cot ’~ in Table E—l  t h a t  E f (
~~~

S) A = 5.~ x b ’3 ~2 wI,c’r-~an

t s .c a r ea  of t h e  polar  cap s d e f i n e d  as A > 65° is ~ .8 x 10
13 m 2 ,

while E f ~~~~~ = 7 . 9  x io 13 m 2 as a g a i n s t  6 . 9  x 1013 m° fur

A > 60°. This differenc e arises because of the zonal asym:s-e;r’y

of the actual polar caps shown in Fig. E-2.

A tentat ive discussion of the penetration of CC~ arc s) Hs \.
f r o m  140 to 60 km down to where the bulk of atmospheric ozone is

Dr . D. J. Hofma n in  ( p r i v a t e  c o m m u n i c a t P~n )  has po i n~ e-I - - cs - that
- l u r i n g  an S ’ E  th e  ge om agnnc ’ t I c  C )  ~- - l d  i.n d S . c t o r t - -d s- s -a thot th e
p r ’ u t o n s  can ~- e n e t r r n t e  t o i u , J sr lat t u d e s  than n— rma l S y .  Th is
is urn effect of ’ several -degrees [see , e.g., Zmuda n’s~l l o t - e r o s’s.
( l 1) ’f l) ]  wh ich I ,; u r n iP - r e l y  t , s .  t o  of’ — r )ma ry I :::por’t aino e Sic h’s
m r-sent context.

A 5— - :  - ) r r t e r v u l  i s - i  u - s - ed  hel’ ’ Thi- ly r e c : n s . n r~ I t  : l ) - C s - i i ’ S  m - - - : m g h l v
- ‘ o r s - s s - s t e n t ,  wi ts -h s-he overall Wits., that- is , nshm” ~‘ )  m m c m ’  S n t e r s - ’ s t s

cm r n - c t  u st  I m  

E— l  0
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I ‘ s C ’ s - X’d :~~ ~s - : —~-~ - I I  m l  C s - s . i -
~ \ hI ; s - L i - c ‘ c ’ ~~-’s t 5  t r n ~~~ t, Cd

s - n t ’  - I - - s t -  - , C ’ J  ,‘-- - m o m  L I ) .-’ s-~-1’ m - t ‘ u - ’ i s - - c : ’ i . ;m.  ‘ -4’ t h s - - ’ s- hey cam s - . ‘
~

t i ” n m 1 : . 1’u r t e- .i t : : r ’ : ’ i m - d i  n ’ n n i f L s - s . m n t  v e t ’ t i s -~~J i~~s’- ’r~i s - - - .s - ( “ m i C r o ’ f i n  - m  •

- un- :’omi .s- mn - n ’ s  ~- i  i i i  s-i  ! - - s  k i t - : n r n ’ t : m ’ , ’ ) . 00 mo~~e - : c l e s  - n: ” -~- 01:’ )

C O a l ’ s - s - C t V C ’ t ’ • . r i m I ni , y ‘ i t -  - -ic : m  - - -- s -  -15 ~m m , ~ut. an- 1,~ 
- . - -  r’ ‘~~ s - t  . 1 ’ - : - -

t h e i r ’  t m - t - c h ~’ m - Ls- rmi  I L’e t ) m : e C., so los. -- t s .~~s - -  :~‘ 
a --

‘c ) r t  C d  0 - a m . : ;  n ’  1 ncr  . n l n e r ’ - s - T h e y  C — m I :  0 1 1 1  ‘0 t s .~~ ,~i: s.f ‘ s.c

Thus , w- ‘ c — o n ’  1 u 1 -  - t b - i t  err s - -ma t I o n  m - - s-s .  - : ‘ C I - O - V ’ . - .~~~~, I -

on i ,- a m ’ l oca l  a I C I I  I 1’ Ic ’ C I I  ‘ - s -  a s-n f l—- c s-- i n  - 1  a ‘ mmm - sr m m - - : ’ )  0 0 c m :  - - : - t

C ) I l i O a L : m i  ~ s - - -isc e c  ‘-it I ,-~ ‘n’ s.It im mci - c s ,-: Ls- j, ~t ’ m ’ - -c ’ t~~l ’ -  -sn “- e n

‘ 11: ( 4 - 5C5s -~ L l  L a d s .  s - t c ’ r ’ - i C n g t ,~:

• -r’imn? -c’ so l ar ’  c- i - - c  ‘ i -ro ’ :, ’n s - -s -n L- t ’ ’ C S ,~~~ i s a  I :  n c ” ~ :
- s - a r c s -  t ‘ 5 l L L ~~~’ 1 ’ n ’ ’ C - I s - 2 0 5  s - ”~s. S i t  1 m a c  C CI

id- i s - c  -

• .‘ rsla, a t o m i c  or ’ e m . - m s - - I n - s  1(1 0 1 0C ,
C 
~ or- - -’c ’.~ - m ’  a m - -- f ’ i . m . r

Is- ‘ - ‘j a t S ’ ; ’ - t - ,’ j a m -l u c .- ’ir p2 ’  )rI - ‘,‘e r4 ’ s-s- ( s - - ,r ’ r r ! I ’ ,’ I ’ m , - ‘- s .

‘1. 5 E l I  f r : s - :  ‘~~~~~~~ - ‘ ‘ ‘ f c s ., s - s - , m  - a  i o r n c r l - m ’ i c  r .cn l i C  i s - - n

s - i C r : ) .  21 - u T a m ’ ’ — 4,-’ l C c :11’ ’:- l’ ’~~~~ C t s - ’ , V r ’ m ’ ’:’ C s - . :  r aY
ccms - :pt e c : ‘ s - c  5-Sc ,’ , .-,hl ~~s - : s - tIO -S b ’s :5.3 ’— : 0 .3-s c m C i mi  d o.

• 0 1 L a c ’ ( : , s - i i ’ ’  Inst fm’ -cro - c o l a s ’ ) -s arch - 5, - s- V : ’  I l ~~S ’I r m ’i’:t’
1 m m  t oe  1 to aO 3d’ s - ’ s - l s ., C ’  ( 1 I - V  = lO~ ‘: ‘ )  on

‘an’;’: m: :os .u  L am. lo t s -  ni l  s -h so la r’  an t  I Lv , 1 . 1 7 1 1 : - ’ a iii s-C 

at  s c i - ~r m in is - s -s im s - n . Thea- ’ ns- r ’ : -co . ;ses  o r - c  - iT . ; - : u .’- , s - - ’ -I Lv
I s  ,s- t u r n  h . -

~

E . 3  P R O D U C T I O N  OF NO AND OH BY I O N I Z A T I O N  IN THE S T R A T O S P H E R E

~hern p-r- -t or la an of-hoe I s-sniz jag pa r t  -~ d c c  tr r v ,s l  tim rou cn h the

midd le as -mn ’ m ’- : - i , ’ - r ’ -c , t n ~s-v los-c energy and prod oc ’s  lori s at. t he  - sm —
n o n n i c o l  m a t e  o t ’ 

~5 OV /icIn ~ -s- ~
.
. As a result of c h a r s - s - c t r a m ’ s  f e r

-‘ n m - i  m m — m u - c ‘ -aL e reads -loris , the ions actually ob ,m ’.sr’va- i a r C  no t
. _ + + + - +4,hose f ’si ’r ce l : m : , t m s - n L l 1’ , ; ‘dn :~ m h  are d,  Ii , 02, an- -i 0 , but rmr her

- 
C

s -- h ’ .- se s-sf Low~’st - s- i t -  L O i s -  s-tent ; Cl , w h i c h  are 40 Ia ~rv a — m ’ ann
and also II

3
O+~ mI 5 U~~, ~s - - . , (L- ,’:ir -’- ntcd protons) Sm ~ the ass -u s-cl as-

h - - i ’ s.- , whO ’s- h us - - m: t ’ : n I : ;  I o 10 nprn v of w a t e r  v’ s - p - ’ m ’ .
E — l 3
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n r c  j r ’ i m i c i 1 - ’n l  ions  in  t he  Iu w ’ . m ’  r n ’ - a u a I } : ’ C n ’ - ’as-’e I C ) 1 
C s - C  I

:L o ~ [ - s - . , e.g., Heicklen (197C , p. 127) and I” es-g s’s-r , ( 15 7 5 )
m o m -  s - n m ’ - - v i . a ’m o f ’  s t r ’ s - i s - o,m j - h - n ’ i c  Inn  ehom i :m t :’/~ . T h c i ” -  a s - ’ - - s - C

to  1 Lu I n- -s . ;u J.  t S on st ~‘s-ntospheric i-a m -is , a l t  n s - o~~ 0: O t j O ’s l ” /  t mn f’s-’ a

C s- 1 l~ c i i  -s-i t 27 to 32 km L r i d i c a t o  r u n s - m m - mm; :s.i1mL1,’n’,: 7 ~+ , 01+ , 100 + ,
- ‘ -r ’ c’ -c sm -ond to H

+ (H 00) , fo r  n = I I 5 ‘ — — 5 - 5 - - C dIm - i ,  C i , ‘i i .

‘I’s - n o  C I an --i 011 molecules s.i’o produc-ad by ‘i ‘; s - m l ’  ct ’s- oO e l m !
s - I - c !  ,m11 ,~ ~‘ur’r’ crnt1y -accepted ~cher s-io~ ,s-C l’L’ s - L --

T I m e  mm ou m’ -:s- c of odd nit:’- s - ’n- n i_ s I rs - mm ’ s :t C1r m s - - : - s - i s - i t  O s - :

id ~:-c L i t )  v~ icunnlza t~ on of’ atmo cm r 0 n ’- r i c  Lv i: ;, ’ m ’ aa~. ( 10  to

~j J  e ’.~~) sec’.- rcd arv electrorr a ~-ro- du sn - C fr- Ca s - do  I mom I
n m  - t o m

,

N~ + 2e 

— 

(a )

+ e 
~“N~ 

~N + C + 2e ( b )  ( I )

~~~2N + e ( c )

fo1iow~- d by the reactions

+ e 2 1) (some atoms are exc ited) (2 )

+ 
~~~~N + 0 ~ (a )

+ °2~~~~~~~÷ + 0 (b )

1:0
+ 

+ e N + 0 (some atoms are excited) (
~~~)

E J + O
2

-~~N0 + 0

N + 0
3 
+ )‘jO + 0

2~ 
(13 )

wh ich produce Cc . There is also the destruct-icr, react ins,

~‘:,r ’ n - i :.) n i t r ogen

N + NO -
~ N + 0 ( 7 )

E- 1 ‘~4
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P1 t ’f - .- ’ n o ’ m r  V~ ’ m ’ S i i I : S  of this s c m — mr s - c - glvns-- tl:~ foll s.4’nir.; ’ n :r: ri C m”

01 ’  •L molecules/ion : Is - sir

1. 0 ( 1’ s - i -s t - n’ 2 )  DaLvmts -’r o (1s-.L 7 )
1. 2 ’ - 1 .3  F r e d e r ick  ( 1 P7 6 )
1 .5 Petit zen , l s ak s er  , arc1 He l l (1575)

O H .  After  the ini tial ion format ion , char ge transf er and
ion—rnol ecu ln- r eac t  ton;: lead to the formation of Tl~~, t s - ,I-C r,

and t h e n :  c Yh e r  to ( I I
30~ + O H ) ,  or el s e  to 11

3
0 .  ‘s-C ,

which re- t ots with another H
20 to mako H5

0~~. Th s , :a~e 011

r’s-s,-Iical is produced iii the  f o r m a t i o n  of the hydrated fly-Si’

r : iurs .  i o n .  The ion is n e u t r a l i z e d  by d i s s o c i a t i ve  r’c’eornb l mco —
t icti which yields yet another OH radical ,

H
3
0
4

+ e - ’ O H + H 2 .  ( 8 )

This  is th o  scheme of Swider  and K e n e s h e a  ( 19 7 3 ) ,  who f i r s - S
two OH ro icals/ion pair ; Frederick (1976) uses a dif’feroa ’:

scheme bs-st , aga in , n .-r’edlcs-s two OH radicals/ion p-air is- : tb’s--

stra tocphere/n’s- .-sos rhere below 60 km.

I s - : s - h O~ r r e s e r s -n :  c o n t e x t , f o l l o w i n g  11 .0 . I -le an s  ( l ? 7 8 b )  as
d e s c r i b e d  by F i g .  E— 14 , we su~~ges t  t h a t  one shou ld  a s sume  t h a t

1.3 N° omc-lec u les and 2.0 OH radicals are produced per ion p’s-jr

at the altitudes of interest here , i.e., b e low 245 Pa.

E .4 STRATOSPHERIC I O N I Z A T I O N  DUE TO G A L A C T I C  C O S M I C  R A Y S  ( G C R s ) :
V A R I A T I O N  WITH SOLAR CYCLE *

The i o n i z a t i o n  r a t e  y ( io n  pa i rs  cm 3s~~~) due to  GCRs shows

:o n s i- s - I er ab le  v a r i a t i o n  due  to  l a t i t u d e , as we l l  as so la r  cs-ins -sp ot

c y c l e , as is- ’ I l l u s t r a t e d  ir: F ig .  E—5 .

The 1a t i t u i e de~~e ’n~-. te n c e  can  be s i m p l i f i e d  such  t h a t  for  t h e

polar -s-ar : 1’~. - g f r ~0~~ (cor r e c~-- o s - ;dj r n g  to  t h o s e  geograph i c  l at I t u d e :
for which tb ’s- rms -an s-rn- ti c latit ude A > 6O° —— s ’ne also F ig .  E—2 as-s- i
*

This :“ c t i c n  has  L ’s-- ’sn e x t e n s i v ely  r ev i sed  by H . P . H e a p s .

E -15
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I
/
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E
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o

\
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40—

OH— --4-

NO—.-

30 I I
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RATIO OF NO OR OH PER ION PAI R

Source : M.G . Heaps , 1978 b

4 . 3 .  ‘ - 4 0

F IGURE E — 4 .  NO and OH P roduc t i on  Per Ion Pai r.
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Sou rce: Valley , ed ., 1965 , p . 17 -25
FIGURE E-5 .  Cosmi c ray ionization rates per atmosphere

of air near the top of the atmosphere as a
function of latitude for various years (from
Neher and Anderson [1962 1 ).
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: ‘e l s -i tod ’ J i s c m i s s i o n )  t he i o n  p a i n ’  p r o d u c t  I o n  r a t e may be r ” o - r - e —
sent ci as- (Heaps , 1978a )

Q = [s-~ + 0 ~~ ( Y M _ t i : ’a r ) ~ ]~ ( s )

(H e a p s , l97s-bs ) .‘,‘m n oro i s- = 0 . 3 8 , p = 0 . 13 ,  j = )I” ::o.~ure ( m m: : ‘ o r ’ )

an. t he  a l t i tu d e  of ’ in t en ’c - -~s-t  , and Y f-”! = 19 14 , l’~f:~ , s-in-I nom i nal 1,~J

197 s - -  ( t e a m ’  of C - s - H  max imum , i . e . ,  s- e lan ’  s - u n~sp-ot  s - m n i r nim ; iu:m )

year = cur r e n t  year of interest
F = per iod : 9 years g em down from Y- ~

13 years going up from Yls-

Over t h e  polar  cap r eg ions  the  va lue  of Q depends  l in ea r ly
on r’ressure as shown in Eq (9) down to about  20 km (‘n. ~ O s - i~ - - o r ’ )
(see F l .  1 in Heaps , 1978a), but then increases at a much
slower ’ r a t e  down to  a p p r o x i m at e l y  15 km an- i  a c t u a l l y  beg in :- t o

decrease below 15 km.

Below 20 km these approximations may be used over the ~-o1or’

caps

Q = [~ .c + 0.8 cos~
(
~~)(YN_Year)~]p

0.5 (15-20 km , 55-110 rnbar) (lO)

Q = [70 + 21 cos~~
(
~~ )(YM_Year )~ ]i:

0 .2  (10— 15 km , 110-250 m n b u n ’ ) ( l l )

At m iddle and low latitudes corresponding to A < 600 (or ,

l y i n g  o u t s i d e  cu rves  C0 of Fig. E—2) the ionization rate above
31 km may be expressed as (Heaps , 1978a)

Q = (A + B s in 24 A ) p  (above  31 km , p < 10 rnb) (12)

( H e a t - s , l - 5 7 8 a )  where  A = 0 . 0 2 4 6 , B = 0.75 fo r  a so lar  s u n s p o t
s- u ini jmurn ‘ :r,:I B = 0 .5 1  for  a solar  sunspot  maximum . A q u a s i —

i n  n. ’ -  t i ’  1 v’ m r ’ i ’ m t i o n  with :colm;r’ surisrot I s - s - o l e  s i m i l a r  to  t h a t

E- 18 
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~~~~ es-c m i i i  i t s -  ( ) )  ms - n v he iri fer ’ros-I , bun. t,flrr’ ’ Is s - n ’  e s - s - s - -  s - l y e

1 :~~~- : ‘  t ’ t t L t u  i~’ C s - i t ’ s -  t -n  c oo t ’ s - e m  this .

At lov e s- ’  l a t i t u d e s  t h e  i on i z a t i o n  r a t e  due to °(l Hs actuall:,’

iacs -’e-sses faster than the ambient pressure in the 31—18 km r - a m , g e

s ’ s - o h  • h s - t

0 = ( A  + P s in 24 A ) p ~~p° (18-31 km , 10-70 mbar ) (1~~)

‘s- h oe ’ s- s- = 10 is -iL a m ’ , i i  = 0 . 5  + 0 . 6  cosA and y = 1 — n .  A an-I H

as - c n h - c  S ‘i s - s - - c as ~n i s-ti (11).

In t h e  15-18 km range  the  i o n i z a t i o n  r a t e  may again  be
approximated as proportional to the pressure and Eq (11) may he

n— l
us-al a g s - t In if’ i t -  i s  m u l t i p l i e d  by the factor y

The ionization r a t e s  given in Eqs ( 9 )  to (13)  can be i n t e —
grated over tin’i volume of the stratosphere to yield a total ions-

pair prod-sot ior: for solar sunspot maximum (i.e., cosm ic no;,’

ml :ima nmn ) , w h i c h  shou ld  serve as a baseline and integrated a - a  in

s - - c r’ s o i s s -  c s - m s - s - s p o t  mLnumum to  ob ta in  the  d i f f e r en c e  in n s - ’ o i - s - - : t t - s - m :
cs-yen t he  co la s -’ -cy cle .

Over s-he polar cap regions a nominal tropopause level shall

be t a k e n  as 10 Pr : , which shall serve as a lower boundary or the

spatial ins-ter’r-stion. Using the values of Q f rom Eqs ( 5 )  to ( 1 1)

one has

1 v i-’ s - i/ b  2 ’ni z~f  f  f  f  - - Q(r2dr sin~ dad~~)dt =ffQdvdt (l’s- )

0 0 0 :  t C
0

for’ t o t — a l y~-arly pro~~uotion , which yields

f f  0- JOl t = 6 . 5  x 10 32 ion p a i r s / y r

E-19
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l ’ s : ’  the O t :i f ion i s - a i m ’  - m ’ s - ,  m u o n .  ion I n :  t b - - Sts- s - tDi l -hn-SO’ 1V ~~- n ’  each

aol , s - ’  c a r -  f or  ‘n S o - ,. s -n  s - s - n - - ’ os- n i  a imurs -: ( . • , o c s -  s - n a z i  mar. ) ,

If -~~~ s - f lt  3 . 11 ,: io 32 ion ncains /;-s-r ,

0

for ’  a cola:’ S~~~s-s-p ot s - s - s - s - s - xis - c - o r :

Tb ’: s - s - i  i d le  s - s - n s -  Ic-.-. i n s - - i t a le  r e g ion s- a l so  c o n t r i h s -~’~ — a~ s - r e —

l ab  l’s to t rio t o t a l  ion m s - a i r ’  t’r’ o — J c s - c t i o n  because of’ tb ’s-’ s- s -us -h

larg er’ ~‘s-r’f: s-s-ce as -en involved , even t h ’,u gh  tPL ’ ion ic-a t io ns -  rate is

re i-O s-s- C -i .  Fur ’ thoes -e lower l a t i t u d e s  a nominal tropo ns--ause level

of 15 , s - s - s - o is chosen to serve as t i e  lower  bo und  or s- t h e  sp a t a a ~
ir:tograoion . Using the values f r om  IPas (12) and ( 1 3 )  over t he
an s -pr ’ s-~n . - r i s - s - n  e a l t  I t u J e  can s - c , one has

f

l 
Yy~~/~~~tyz~ s-~~ s-~s-~ s ir  i-s-o~~~) d t  f  f  UdVi t  (15)

I u / b  I is- t ( 1— P  )
0 0

for  the  at s-il ‘only l r ’o - d u c t i on  s - y e n  :c i - i d i s -  as-n -s -I lo~ latitudes .
fiL- s-’ e , 

~~ s-~~C )  s- s - me a ns th ’~ i n t e g r a t ion  goes over a h e m i s p h e r e
n u t  e x c l ’ i i e s - s -  his - n- no la r  c-ar ’

= 13 x 10 32 i - s -n  s a ir - ’s/y r,
t ( 1—C e )

the total ion pair reduction in t h e  stratosphere over’ a hemis—

ph - -re ( 0  t o  10°)  f o r  a sola r  ss-.i s - s - s - p o t  mm _ ms -n m ( I .e . , ‘OCR max imum).

f  f  P -d O-i t = 10 x i0 32 ion nairs/yr

t ( l — c ~~)

for the SOl- i r’ os-os-s-sr--nt rn ? , x I m m s - s- s-s-s-- .

F — 2 0

___________  -
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r f ’ }uis -s , one cs-in see th at t h nc  t - t o l  s t r a t o s s - - L ’ s - m ’ i c  1 - n ,  a i i m ’
production over both pa ls-u ’ o’~s-s ms- 1-s - n - i s - m v  a J o b  s- s-W i m s -~ m r s - i  I s  an  t s - e
-n~der of 7 x io i2 ion nair:s-/s-,’r’ , s - s - i t O - ‘~~ t c t -~? g l o b a l  s t r a a o s - p i o e r i : s -
p r o d u c t i o n  on the  o s - O c r  of 27 x l J ~~2 ion s -  p a l m / tn ’ . T Oes - s -c v a l ue s
r e p re s e n t  the  “base l ine~ va lu - .s- s . Los-ring a so i-ar sorn spo t s - s - I airs- os -n

( C CF .  maximum ) an additional 6 x io 32 ins -i pair’s/yr ‘ o s - O~ p s - ’ o - I a c~~u
over t h e  po la r  caps , w i t h  an addition :s-l total t~l s - i s -ri l i roius - t iom:

u s -’ 12 x 1032 ion pairs/yr .

When one ado t s  t h -  o d s - 1 — n i t r s - g~ n / i o n  s- a i r  ns - r -e s - l u c t i ’ s -n r a t i o
of 1 .3 ,  t h e  base l ine  va lue s for  o d d — n i t r o v e n  n c r o i u c t i o n  b e c o m e

8.8  x lO~~ :10/yr str’atosrs--benic oi’-otiuct ion a’s-er both
the  o la r  caps  d u r in o  -005 , m s - i n  is - s - as - . s -

8.1 x lo 32 ‘
~ ),1

~~ r’ s - mIs - i  tti-:na l polar  -n ap  s - m r o d u c t i c :  rl~~s- ’ —
I s - s - u CC~ rr, ax Lo i um

3 .5 x 10~~ 10: ‘yr total niobal stratospheric production
da r in g  I - C F n T : i s - s - i m u n :

1.6 x ~~~~ :s -D ,”ir -a-ddi-ional global nr’oduction -s-i: rins-r
OCR m ax i ms - s - s -

Considering a total stratospheric loo lin o  of ( 11  to  10) x 10~~

~
0 s- m o l e c u l e s , t he  add i t i onal p r o d u c t i o n s -  over  t he  po l a r  c a m - s

s-lur ing O CR maxima should  be a s l o w l y  va ry i r. g  p e r t - a r b a t i - -on of < 2

per-s-ent/yr, with a total global ner’tnrbatlon < er’s -us - s-n/ yr .

With an odd—hydrogen/ion pair s- rod s - s - - s - tic: , ratio -of 2 . 0 b e l o w

30 km , the basel ine and additional “al-ace of ’ ~ i ’i—h y Ira ~en c~~-s-’ ’ une

x io 33 011/yr st r a ’  s - c s - - h e n -s ara bs- i c r  t ’tas - ’  t i e
molar ca n - s dmir ’ I r : c s - ’  I F  m O s - 1 ’ - a n ,

1.2 x lO 3° OH/yr additional ‘cl-ar’ s-s- ms - s- r’ i s - -  mm h a s - ’-
Inns- -505 rs -m -’m x i :; m m -s -

5.24 x 10~~ O h i / ’ j m ’  ~- n . a i  ,s- I ’s-ba l m s - n . r a~ s - re :  O s -  s - t o  s - n ’  s - s - a n t  i c r :
lamIng Of’R rs--ins-Ins- .r:

2 .~~~ x 10~~ OI i/s--’r’ -Jdi ti os -s-al v1on -~i s - c- n - i ” t o n : ,:-lr, v
0C5 m a x l s - s -  s- 

-
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The s - m .m:u s - ol m ’ s - ’ - - : ‘t ‘ - s - t i  u s - ’ 00 ‘ I s- ’ : t o  l 2 ~’,c 0 ~~~
‘ O~ ~ m s - s-y o U- - s-

a s -m s- s - ‘s-he s- s - i o n s -  a s - i s - - s - t t -.s- t n ’ s - n :  ‘:1 -c a c t i s - m n  of m . l I ;h’ a ’
*

a L 0 .  T}~- ’ m ’ - - t’ om ’e , . ,: m~ gl ob . - l • s - s - Y’~~c s- n .  lo - , -n 1r: ” i s  a ’ l1~
1Il-:e ny t o  l ’ s -  s - t t v ”  ,ms -o s - s - s - Loo s - n o s-i f ’ -: , -. : y s - ’  s - e s - i t , ‘il s - s - :-s-’ u:’ r s - s - h - - s- a—
t e n ; ’ is - s - I  c - f O i s t  in tb - w I n t e r  polar ,‘tra tcns - s-s- r ’-s - ’- s - s - s - s - , be a. s - s - i l .

Thu 00 1-s- -md Is - s -a ave r  ‘s - O s - ’  s-’; Lo.c” r ’  cIs -i r s- as - s - s - - s -  -vs-er:
I’

,s- -oub le  Cue  t r t i n e  “ - s - i s - u !  s- n; ’ I I os-s-i s-rat ios -1 s-i ‘s-rina s-. ( IC E ms - ,ax  i s - sa m

E .5 S T R A T O S P H E R I C  I O N I Z A T I O N  D U E  TO S O L A R  P R O T O N  E V E N T S  ( S P E s )

In conti ’s-iss- . to  ga1ac~~ic c o s m i c  r a t s - , ‘oh s - cO s-ore a ‘;o:’;~
steady source of ioni,:atiun , r s - s - s-I - . I- it ’o-s-t ar ’ln-s- ’Ip all; --’ by

year ’ solar  c y c l e , solar  n- s- ’aton c’,’c r;ts ar~ hi -tis-ly v a r i a b l e  U~
si’s-c ev es -n t :-  r e s s -a lt  i n s - -’ s- Iro n ;  some ( s - s - s - s -  ru - f  ‘ i l l )  s aC ‘s- c’ f l a m e s . For

- :r’iers-ts -rn.i on~ Table  0—2 l i s t s  rra ,i or II  Es - s u ;s-r i~ ‘-O r- I i ’ s -  -

**19 5L- to 1272. r i : ~’e “ cs- mot or ” n ’ s- - f ” s- ’s  “ 0 0 ShocaaC s-s-~ r’t s-I n - d e c  (Se—
f i n ed  in f o o t  s - u ’s - c  of T ab l e  5—2 ) ‘s - e~~ t -~ ” I-has-’ 520 .

in f a ct , the 3hc a—ti’ s - rn is - , io:x ‘ s - s  sivr. ificu,,i’s- lis -s-s-lt ati or: s-m

fo r  the  present as- : -  ica; I o n  i,ec~~s ’ee if f f ’ er -r-r s - : sol r - r ’ f l a r e s  r”  —

0 0 C C  s ig n i f I c a n t l y  i i  O f ’ s - t i - e s - s - n .  : s - s - ws - u es -’ ms - .  min i  en : er ; y  d i et r i  but  las - s - s
of h i gh  energy s-~r c t o s - s - c — — : c s -a ,c-. m , -sx B to  th i s  Ap r s - e n l i x , i t e m

l i ve n  t he ton-al si - Oc t r u m s - .  s-’ mm’. n ’s-en STE ( c s - c e  As - s - s - -~~x P to

s - : i s  Ar n-- ens - di s - ’.. item I), it i s  o s s i b l e  to ‘s-ales-s-late the time—

integrate’S lonicat ion - s - ac to th’-’ -s-s- v -~-r, t . Figni r r -  5—C shows th i s - :
f o r  a nuns -s-ocr of maC or ev e n t s .  h cx t  , we ask  w h i c s - .  EEOc  Ss -s -~~~ld

5- ’te t ’s- :a t s - - s - s - s - s t e  n-he est Imates -n ti lo s-aC a, of’ tb -c en
Is nn_ : ( 7  — 11) a 1032 rms - 1ec~~l erm- ( s - - c e , c . ’ . ,  ~ mo - sm -aC ;-: O- )

the  i s - as- t i - - ,’ - - o f ’ HO~ I - - s-c short (loss t O m  30 r i ’  s-e - .0  c m . ——
s-c c Or, : le h A — I )  t :~s - c t.. t m - .s- e f’ f’ u s - s -t on -s-se a~s-a n - r  I m m s - r o i : s - - s s - C  s-o r.
r a t e s  is r e l a ti vely  s m a l l .

**so rn-m i or’ events s-nin e recorded I s - :  1955, and th or ’s-c- :-.‘c:’e as--
c o l o r  cs- ’s-”’ n t :  -i’.:rini g 1973 to 1975.

t also shows s- i s - n ~ cn i z a t i - s - , r: due to  r’olati-,’:sti elect r’ cm. i re—
c ipit s-an. ic- n (FOP) events (Th o r’s -me , 1977 , 197 8)  vs l o b  c ’ s  m m -  0; —

m r ’ - x  i mn - ’s- s - e L ’,’ 3 to  -‘ . i~— ’s -’ rc cr ; n- of ’  s- -h e  t i ns- n- . T h e ir  c ms - n s - s - - i L r  ‘ -

e~s- 1 s - - ,- m ; s -  I ‘‘  s- - I v-c r’; s- - v r t a s - ;t

_ _  _ _  
— ‘_ ‘ .-
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TABLE E- 2 . S I G N I F I C A N T  S O L A R  P R O T O N  E V E N T S , 1956 - 1973

sos -p & c~~u — ’ P E A n  fL u RAT IO ,, 
F L ~ R E

[o s - s - f  o m . ’ i~ - C ’ 1 ( ‘3 0  Mi- ’ GL E (-o ) PCA (48 -

2 3  Ic’s- 5t 0 3 4  38 1 3 ( c ,b .d ) 3

~s- s- , - s-n’ - 3 (c , d )  4 . Q ( c , b ,d )  3

1 7  0~~, s - t 0 3 0  NL — 5 - 4  ( c , d)  28

n Jun 57 O i L  3& 3 ( c ,~~) 4 , 9 ( c , b , d )

3 7 , 1  07 8 3 0  - - ~- 9,2 (c. b ,d )  3+

2~ A u g 0 7  0 3 C  25  - 8 . 2 — 9  (c , d )

31 Au ’s - 57 X 3 -  Ni. - 4 ,9-5 (c ,d) 3

2 Sep 57 0 3 0  NL - 7.2 -9 (c. d) 28

21 Sep 57 o s - - s -  NL - 5 . 1  ( c , d )  3

ics - 57 xi: - - 5-7 ,8 (c ,f ,d) 3+

1 0 feb 58 30 - - 3 .2 — 1 2  (c, b ,d) 2+

20 I~ ar  58 530 38 - 1 0 -1 2 (c. d )

7 J u l  58 u s - -  38 - > 1 5 - 2 3 , 7  (c . b ,d) 3+

16 A u g ss - 540 28 - 1 2 , 1 - v i S  (c, b ,d) 3+

s - n A u s - 58 030 28 - ‘ 1 0 - 1 0 . 6  ( c , b , d )  3

2c Aug Os - 0 4 0  38  — 16.6 (c ,b . d) 3

22 Si - i - 58 830 N L — 4 — 5  (c ,d )  2

10 May 59 840 38 — > 1 5 - 2 2  ( c , b , d ) 3+

10 J u l  59 040  35 - > 1 5 —20 ( c , b , d )  3+

14 Jul 59 X4 0 48 - > 1 5 - 2 3 . 7  ( c , b , d )  3+

16 Ju l  59 542 48 -r~ ~~ 
> 1 5 - 2 1 . 2  ( c , b . d ) 3+

30 ~-‘-ar 60 830 18 — 3-7 (c, h ,d) 2

29 A pr 60 (1)30 2& — 1 1 ,2 - 1 4  (c, d) 2+

4 M a y  60 (1)24 25 3 , 4 - 5 (c , b, d) 3

6 May ~0 ( 1 ) 4 c -  14 - 8 , 7 - > 1 5  ( c , b ,d ) 3+

3 Sep 60 2 21 28 4 . 5  (c , d )  2 . 5 - 4  (c , b , d ) 2+

12 Nov 60 4 4 4  “ S ” &  
~~~~ 

‘ .14 - ,1s - 2  ( c , b , d ) 3+

15 Nov 60 443 38 ‘22 (c ,b ,d) 3

20 N o v  60 ( 3 ) 3 2  38 
~~ 

3-8  (c , b . d)  .2

E—23 
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TABLE E- 2 .  ( c o n t )

S H E A  & S HA R I  ps -tn f L U X  R A T I N G  F L A R E
2 2 T E  R A T I N G ~~ ’ 1 j ,30 Me v ) b

~
2 O L E  ( 5 )  P CA  ( d B )  C A U S I N G

C

12 J u l  61 ( 2 ) 4 0  28 - 1 7- 2 0  (c , b .d )  3

18 J u l  61 333 38 24 (c) 8 ,7 - 10 (c ,b .d) 3+

~s- J u l  61 ( 1 ) 2 2  28 7 ( c )  5 ( c , b)  3

i i -  Sep 6 3  ( 1 ) 3 0  05 - 3 - 4 . 6  (c . b .d )  3

7 J u l  66 1 2 1  18 2 . 5 ( c )  2-2 .5 (c. b) 2B

2 Sep 6€ 2 3 0  28 - 12 - 14 (c ,b .d) 3B

26 Jan ( 7  133 18 
~~~ 

7 (c , b .d)  ?

2 3  May 67 330 18 - 11 (c . b . d )  3B

9 J u n  bu 2 3 0  18  - 6 .5 ( c ,b .d )  38

29 Sep 68 12 1 18 ~~
,4 k)1 1.7 (c. b) 28

31 O c t 68 230 18 — 5 , 5  (c , b , d ) 38

1 S i - v  68 230  N L  - 4 - 5 , 9  ( c , d ) 2 N

13 N o v  68 2 3 3  2 4 1 2 .5  ( c . b .d ) l B

S s - - e s -  68 2 3 0  l &  - 4.7 (C , b , d)

2 5  Feb 69 123 18 2 . 1  ( c . b ) 28

30 Mar 69 1 1 2  18 
~~~~~~~~~~~~ 

1. 3  (c ,b )

11 Apr  69 330 2 4 - >12 (c ,b ,d) N

2 Nov 69 33 0 28 - 14 .5  ( c . b , d)  N

No Shea an d Smart a or Sves tka and S im o n c re tina after December 1969.

S Y N T H E S I Z E D  PEAK F L U X  R A T I N G
D A T E  R A T I N G  

— 
( v 3 0  M ev) ~~

2 
- 

G L E  ( % )  PCA ( d B )

24 J a n  7 1 233 24 29 (d) 1 1- 8 (b .d)

1 Se~ 71 2 2 3  24 16 ( d )  4 . 2  (b . d)

4 A u g  7 2 4 4 3  4 & 15 ( d ) ~72O ( s i c ! b ) }

7-8 A ug 72 242 24 8 (d) 15.6 ( d )

E-2~4
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T A B L E  E - 2 .  (cont)

N O T E :

Shea and Smart ’ s ra tings are li s t e d  below, Onl y events greater than (520) are g i v e n

in this t a b le.

Sola r Proton Event C l a s s i f i c a t i o n  System (Smart and Shea . 19 7 1)

F i r s t d i g i t  Sec ond d i g l t  Th i rd d i g i t
Da y l i g h t  polar Sea le v e lp r o t on 

1 ca p a b s o r p t i o n  neutron monitor
Dl gft f ?ux (cm s ster) at 30 MHZ Inc rease  

-

-2 i0 2~ < iO 1 
- -

-1 1O~~ - v l0 ° - -
0 10~ - v 1 O~ No in c r e a s e  No I n c r e a s e

I T0 1 _ , 1 0 2 ‘ 1 .5  dO <34

2 io 2 _ , io 3 1 . 5 - ’ 4 . 6  dB 3 --vi O S

3 ~~~~~~~ 4 .6- -v1 5 dO 10- ’lOO%

4 �~o~ �15 dB � 1 00 %

X - measurements  no t  a v a i l a b l e
( )  the d i g i t  Is u n c e r tain or im p l i e d

2. The Saue r and Stonehocker peak flux rating (Ref. b . Ta ble I , p. 5)  used here is
analogous to Shea and Smart ’ s f i r s t  d i g i t . i.e. , 3 f o r  a f l u x  l 0~ ~~~~~~ prot o n s/cm 2 -sec- ster.
We w r i t e  38 instead of 3 to i ndicate that Sa ue r and Sto ne hoc ke r ’ s f lux  refe r s to pro ton
e nergy >30 MeV , as a g a i n s t Shea ari d Smart’ s index which refers to energies ~‘ l O  M e X .

NL - means “ event not listed”

A d a s h  (— ) means “ no enhancement quoted ”

Re fe rences :

a. Shea and Smart (1977) - data from 1955 thro u gh 1969
b .  Sauer  and St o nehock e r (1977) - data from 1956 through 1972
c . Sve s tka and Simon (197 5) - data from 1955 through 1969 -s-
d . Pomer a nt s and Dugga l (1974) — date from 1942 through 1973

E—25
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be considered . Some details are ns - s - v iew --d ir. A r : : . - ., 0 ‘ a t~ ~c

~ppendix , where item 2 presents Sons - IL - g s - s -~ ’r’al O s - s - n -’ i - m m , s - i ’ l l ’. - 1 ’  ci-”

3 ex r’lains one method of calculatin s--’ ‘ h- t s-tal f- r , f  . m a ’ i - r . - s - u ’- n - n -
protons of energy above 100 Ye’T. Table 1— 3  s’.” m s - c - ‘I s-’v’n- ‘ is-c m c - - —

suits and indicates those events s-mt i o n  o ’s - s --}-,t t- t  s - s - c - ‘s- s-s- r:s - s - I d r s -:- ’n -- -J as
contr ibuting at least several times l0~ ° I 1a s-aCr.m below 05 i - s - : :

or’ so.

The follow ing comments should be mrs- aC.-:

(a) The est imates for total Ionization d o s - - to O c t - i , s-ad

those made here for the c’s-eats h e I w s - - e r i  1950 a s - .  1
use a slIghtly dlff’er’es-- t t r ’ : -a tr reat  of t h~ sam dat’s- -

Reid provides tOf l -  various n - tn - I s - s - u s - s - c mm.i-c files of Ic r s- fc r s -—

tion shown in Fig. F—C , s-s -h i le in aC.~ ’s- s - 3 of Ar:r os-- x P
this Appendix we s i r s -nns - ly  c o n s - r a t e  t h e  s- . —s-n ’s - a l  cnn -n -’ 1 ’,’ cs-c-

ried by protons of 100 be’! or’ rs -ar ’e (s- hi s-h - ‘ a - s - t i - u n - c
down to perhaps 32— km altitu’i c - )  s - s - r d  estirn s-ate b ,~ ‘ s-aC.
ionization from the stan-oar’d fmctc -r of’ 35 eV/ion 1.-aI r’
in air . The agreement betwe”s--: the hc— .’c-ns-ber IECO

events is excellent (17 vs 13.7, f c r ’  t h e  n an - s - ms - co of ’
ion pairs in units of 1032 ); f o r ’  t h e  Feb :’uar’s-’ 195- C

event the two estimates -differ ’ by a fact-or’ s - f ’  2.7,

but it is clear that this was a s - m a cs -h sma ller -ovens- :

overall.

(b) We suggest that the ionization arofile f ’ s-o s-’ t h e  f a y —
July 1959 events should be scaled fronr, that ‘~

‘cr th~.
November 1960 event by multi t lyir .g by a scale Omor or

proportional to the respective ioni :aticn , whicn is

(p .8 + 1 .7 + 5 . 7  + 6.1) - 18.3 -

(8.2 + 5.5) 
- 

13.7 
-

(c) The events of February 1956 , Iday 1960, and Sep tember
*

1966 are so small that they can probably be ignored ;

*
Using the ccaling of (b) above , the r~ay 19~ 0 event is a ( - ) - r ’ s-s-s-cs- l —

mately one—eighth time s as large as the February 195E- eve s- s - n - -
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I have no c a l c u l a t i o n s  for  t he  November  1969 ‘ovens -n- ,
wh ich was certainly smaller than the un-Os -s-c ’ ev es -n - s

listed.

(d) In conclus ion , the events of summer 1959, bc-yen’s-is-er ’

1960, and August 1972 should probab ly be taker, Into

account , although their effects on NO —— n - m s - I  r

also on ozone—— is certa inly less than that of ‘-he

largest individual nuclear test series (see , e.g .,

Append ix B).
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ANNEX A TO A P P E N D I X  E

D O W N W A R D  T R A N S P O R T  OF NO~ A N D  HO
~
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A N N E X  A TO A P P E N D I X  E

D O W N W A R D  T R A N S P O R T  OF NO
~ 

A N D  HO
~

The question discussed here is the following . NO
~ 

and HO
~

are produced by ionization throughout the stratosphere and meso—
sphere , and they will af~’ect the ambient ozone at the altitude

of production. However , much ionization occurs at relatively

high altitudes (above 60 km) while most of the ozone lies at

relatively low altitudes (below 25 km), and so whether the NO
and HO will affect the bulk of the ozone depend s on the rela—x
tive rate of’ transport as compared to photochemical destruction .

These factors are compared here in a very crude way . The con-

clusion is that below about L~5 km the photochemical lifetime of’

is sufficiently long that this material can be transported
down to where the ozone is , but at higher altitudes NO

~ 
is de-

stroyed so very rapidly that transport is simply too slow . Over-

all , the lifetime of HO
~ 

is so short that vertical transport of

this species is never significant .

Throughout the stratosphere , and up to at least 60 km

alt itude , NO is produced principally by the react ion

N 2 0 + O~~ D 
-

~ 2 NO . ( E A — l )

There are a number of photochem ical reactions which shuffle “odd
nitrogen ” = N + NO + NO 2 ,  in p a r t i c u l a r

*1 should l ike to thank  Dr .  J . Zinn (LA SL)  for  p rovid ing  the
informetion on chemical production and destruction mechanisms
arid l i f e t i m es used here .
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‘~ ( )  + by II + 0

N + 00 . N a  + 0 ( P A — ? )

N + 0
3 ~a + 02

Net: N + 0  +~~ y - ~~f l O + 2 Q

NO + 0
3 

-
~~~N0

2 
+ 0

2

N0 2 + h V N0 + 0  (E ;~— 3 )

NO 2 + ~ N° +

b e t :  NO + 00 2 + 2 0
3

+ h v + 2 N 0 + 2 0 + 2 O
2

ari d c - - s - s - s - b in1 n~ these

N + 0~ + hv -
~ NO + 2 0

NO + NO 2 + 2 0
3 

+ hv 2 NO + 2 0 + 2 0
2

II + N 0

N - o n - : ? N f IJO~ + 2 0
3 

+ 2 hv -
~ NO + 3 0 + 2 02 + 1 2

so t h a t  y c s - n e t

3 -odd nitrogen ~ 1 odd n i t r o g e n  ( E A — 5 )

~- r’ t rt- -sia ms - i. L l y  by the  r eac t ion

(EA — i ’ )

HO is made and d e s t ro y e d  p r i n c i p a l ly  by the  r e a c t i on s

O( 1D ) + 11 2 0 -
~ 2 OH (EA-7 )

OH + HO 2 H 2 O + 02
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The c h a r a c t e r i s t i c  l i fe t i m e s for both N0
~ 

and H0~ are g iven  in
Table EA—l .

TABLE EA - l. PHOTOCHEMICAL LIFETIMES OF N 0
~ 

A ND H O
~

Alt i tude , Life t ime of N OR , Life t ime of HO N ,

km sec sec

“hi gh ” “shorter ” —

52 3 x 10~ ( 3 .5 days) 1600 (30 m m )

40 7 x 1O~ (2 yr) 1000 (20 m m )
*Source : J. Zinn

Transport  is crudely  represented  by a one .-dimensional
“ eddy d~i f f u s iv i ty ” profiJ. e~ in fac t , the magni tude of the
t ranspor t  c o e f f i c i e n t  in the  ~O— to 60—km a l t i t u d e  range is not
well established , but the general character of transport is tha t

vertical transport is relatively fast in the ~O— to 60—km range

but much slower below 25 km where the ozone is. Figure EA— l

shows some currently used eddy diffusivity profiles.

Note that K is small in the altitude range from the tropo-

pause to about 30 km , but large at both lower and higher alti-

tudes. That is , transport is slow between the tropopause and

30 km , but fast at both lower and higher altitudes . To make a

quantitative estimate of’ the overall rate of vertical transport

is beyond the scope of’ this study , but a qualitative estimate

can be made as described below.

From dimens ional cons iderat ions , transport through a dis-

tance lxz near altitude z takes a time At

At ( A z ) 2/a~

E- 35
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where K = mean eddy d i f f u siv i t y  at a l t i t ude  z , and a ~ 2 is a
t- I n s - n ’r’i (s - a L cuus -s-ta nt. Thus , u s in g  the  W o f sy  197’3 K — p r o f i l e  of”

Pin -a P A — i  arid 5—kin st ep s  f’or Az , ur ic  o b t a i n s  the  results of’
Ta b le E~ —2 , wh ich show t h a t  t r a n s p o r t  in the  mesosphere  is very
f as t ( ‘ii 1 w e e k ) , slewer in the s - n e p e r  s t r a tosphe re  ( m o n t h s ) ,
ve ry  low in  t he  lower  st r at o s p h e r e  ( y e a r s ) ,  and fas t  in the
tr~oaospher’e (‘t-’ 1 s-~’s-’s-k)

oc -
- WQF5Y/~ 9~ 5

s-c 

~~s-T~~~- ~-~~~ (.ENH975 ..

:m / ) e c

FIGURE EA-1 . Three Recent E ddy D i f f u s i v i t y
Profiles (From Bauer and Gardn er ,
1977)
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TABLE E A - 2 .  R E P R E S E N T A T I V E  D I F F U S I O N  T IME S TEPS
THROUG H 5-KM HEIGHT I N T E R V A L S  [FROM EQ . (EA-9)]

A l t i t u d e  2z , km R , cm /sec t , d ays

60 2.5 x 10~ 6

2 x l O~ 7

50 1 x 10~ 14 s trato pau S e

6 x 1O ~ 24
40 3 x 1O~ 48

2 x ~~~ 70
30 1 x 140

25 
~ x 210

20 
~ x 10~ 290

15 3 x 10~ 20 (throu gh 1 km)

14 3 x I0~ 30 (throu gh 4 km)

10 1 x 1 0~ 14 tropopause

i x io~ 14

0

We thu s see that the photochemical lifetime of H0
~ 

is so
short that vertical transport of this species grouping is cer-

tainly not significant in the present context . For NOR , things
are more complex ; evidently , above about 145 km the photochemical

lifetime is so short that downward transport is not significant ,
but at lower altitudes vertical transport has to be taken into
account .
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A N N E X  B TO A P P E N D I X  E

S E L E C T E D  T O P I C S  R E L A T E D  TO T H E
S T R A T O S P H E R I C  I O N I Z A T I O N  D U E  TO S P E s
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A N N E X  B TO A P P E N D I X  E

S E L E C T E D  T O P I C S  R E L A T E D  TO THE
STRATOSPHERIC I O N I Z A T I O N  D U E  TO SPEs

1 . THE INTEGRAL E N E R G Y / R I G I D I T Y  SPECTRUM FOR D I F F E R E N T  EVENTS

Table EB—l shows th~ energy spectra  of a n u m b e r  of la rac

SPE5 over the 1956 to 1961 t ime frame . Note the  large d i f f e r —

ence between the ratios of integrated intensities in exoes’s- sf

30 MeV vs 100 MeV for the different events (last two colurro,s).

Note also with reference to Fig. E.-l that only partinies with

energies in excess of 180 MeV can penetrate at vert Ical

dence down to 25 km , which is near the upper limit of the osone

layer at high latitudes . Also , from Tables E—2 and E.- 3 we se~
that relatively few of the events contain significant nan -sUer’s

of 1 to 10 GeV protons which give rise to a “Ground Level Pr.—

hancernent” (GLE).

It is customary to characterize high—energy particles irs-
terms of their magnetic rigidity F, which is a measure of t he i r

ability to penetrate into the atmosphere through the geomagnetic

field which acts as a magnetic analyzer , removing charged part-

icles of low rigidity from the flux incident on the top of th’o

atmosphere . Magnetic rigidity is defined as

P = pc/q (Ps—i )

where P = momentum , q = charge of’ the particle , and c = speed

of light . P is customarily measured in volts (actually in -~~s--’),

corresponding to the fact that pc is measured in eV , and q in
-onits of the electron charge e; it is related to the kinetic

energy K of the particle through the relativistic relation

E- 141
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T A B L E  EB - 1 . SOME MAJOR SOLAR COSMIC R A Y
O B S E R V A T I O N S  D U R I N G  1 9 5 6 - 1 9 6 1

(After Mc D o n a l d , 1963)
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( } ~ + ~~~~~~~ = + M 2c (E~-2)

m ’lh ’-r ’ e ~‘
- = r’e~ t nsa ss of a r t i c l e  ( 0 . 9 3 8 2  1eV for  p r o t o n s , O .~~l lO

MeV f n i -  c i e c t r o n i s ) .  Thu s , the relation of r ’ig id ity  ari d k in e t i c

en1~ r’~ v :~ar s - I n  t o n s  is ~i’- ..-en in  Table  E B — 2 .

TABLE EB - 2 .  R E L A T I O N  BETWEEN R I G I D I T Y  AND
KINETIC ENERGY FOR PROTO NS*

K i n e t i c  Energy , R i g i d i t y ,
G e V  G V

p 2 / 2M 0 (-* 0) Pc (-~ 0)
0 . 0 0 5 3  0. 10
0 . 2 1  0 .20
0 . 12 5  0 . 5 0
0.433 1 .00

1 .000 1.70

1. 27 2.0

2 .205  3 .0
3.0 3 825

10 .0  10 .9
20 .0 20 .9

pc (÷ cc~) pc( -÷ oo)

*
See E q (EB—2) .

T im e integral energy spectrum of solar protons is generally

-iescribei by an exponential expression in terms of the rig idity

of the for’rs-

J(> F) = J
0 

exp(— P/F ), (EF—3 )

wnere J ( >  F- ) is t h e  flux of particles with rigidity greater than
P , cx t s - r -e sseh  in p r o t c n s/ c m 2 — s e c — s t e r .  A l i s t  of J0 and P 0 v a l u e s
for a n- mrs - ber of large SPEs is .-iven in Table EB—3 . 
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TABLE E B - 3 .  I N T E G R A L  E X P O N E N T I A L  S P E C T R A
FOR SOLAR PROTONS --EQ (D-3)

E - . o , l t  03 e o )tlCa i r la r e ‘l~.- ., - i s -  T~~:~ of ‘Oed ~ u nes - e~~~. UT 
- i 

‘ - ut ~~n s - ’ - y c - S t n r  MV

23 Feb. 56 0 - 4 a  11 i0  23 Feb. is - -  300

it s - ‘-1a~ 54 2118 0502- i s -  N’ s - , 3C 10- 5 65

0520-0915 12 l- ’ u -i s - s  - i ,~ 70

1 3 5 4 - 1 7 2 0  1? ‘ .- 2 .8x 1~ ’~ £6

10 01 3 59 ona- 0 7 5 5 - s - F - ;  11 J s - I -~ 7 .s - ’ n10 3 90

1 2 2 5 - 2 3 15  1.  J - . i l y 2 . s -~~s - o~ 91,-

14 -.‘ : .s l v  59 034~ 1 330-155’ - 15 July f-a
16 J u l y  59 2 1 - I t  1 - 0  1 7  , s - . i l (  3 . -~~1O ~ 125

1555 -I s - i , 1 x 1 0 3 1 1 3

11 ?. lii 3 u 5 4  800 
- 

90

1 3 2 - - I t - s  2 ax1 0~ 70

144” - 2 .: J u l y  300

-; “iv y ‘~~. 1020 15 -s- 0 “aj c- . J 280

1 7 0 ( _ - 0 ? C s - J  S -‘o~ 5 . 0 235

a ‘s - s - .- 50 1329 i S i s -  1? ‘m ’s- . 1100 280

2050 1250

3200 13  
- 44 u0 185

0530  s - o c-U 155

1 3 5 4  3000 120

1 53 0 - 2 0 0 5 ,  20130 95

2230 1 000 105

2502 1-1 ‘so - .- - 1000 92-

I s -  ‘ i S V .  62 022 1 use 15 s - I~I . 250 375

1 13 0  320 240

1030-123 0 285 175

2 13 2  3300 120

5 ‘ Cv . 1 000 100

1i30~ l i i 6  300 1 00

10 0 2 s-- -.i~ 6 178

2 0” 2 A ug 11 130

4 Ass ‘2 0640~ 3u0 s-- 1 A-sq  5 .4~10~ 32

:30-:- 1 A u g  7 .8x10 3 96

210 0 4 -a- s -  3 .63~l0~ 84

75133 5 A ug 2 , 6 x 1 0 4 70

0503 6 Aug 7 ,5x 10 3 57

7 A ss 72 0600 7 A j q  3 ,9~10~ 49
0600 8 A u g  9 1 ~~l0~ 65

0600 9 Au- . 1 . 5 8 x 1 0
4 40

0000 10 Aug 220 63

Sour _ c : Resul ts throu y h November 1960 from Fre i er and Webber , 196 ? .
-
~. .  -s - is - i d , p r i v - ] t e  cor rtnuni cation , T hese data for 3 and P are s- o- rv uted and anal yzed from f lus data at

10 , 30. 50 1-ic-i . T b- j ~~, th e higher energies are not ~e 1iab 1g,  Note that  the Aug 72 flares had a very
l a r q e  f1~~o 5f r e l a t i v e l y  low energy protons ,

54’cMa t~ region 11976 L r-s J cc d a numb er of large s o l a r  f l a re s  between 1 A ss and 11 A uq ,  in particular 8
al v i n - - ;  l a r g e  optS- -si ( e )  signal , 6 w I th large 10-cm r a 0 i o  noise , and 10 w Ith  large l — 8A S-ray flux--
see r a k . i r a  ( l 972 ~ - We l i s t  thc 54 - a x i s - a  :5 the two c l a s s  s-B flares .
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2. IO NIZ A :IO N C UE TO S I F S: GE N ERAL C W ’IMLNTS

‘ 1 ’ !’ s - .  05s-5 :r ’i L s - - y : s - J  si- .- csr’- s - :s ,J (> I-) of’ P-s - (~~~~~ 
- s-s 

1 UI’ : 1  s - - O n O f  
- k . - . n r ,.. , i s- s - E  s - ocs -~~ . a s - sl~~- 50 0 2 , 5 - 1  at ’ O s - h-- : C - f l a Z S ’_ : S i i

r :’cf ;Ois - s-a’- ,- i i . : . s - rm ~~ i . ~
- —-

~~~ f e s -  . s -J . ’ - . i  ~O ’ , ’ - 1 , t S — — O s -_- S  S~~ SO ~~~. 5 .

, m-: h :h c s n n - .-t r’ - - i- s - - s - ,O sa’ o~ s- rastn s- cue s a •
- s - s - i a n s -~- r u ~~s’ s I  c t s - , .- s - s- - ~5 s - - . . ’ - c e a .  Th~ :c .r o : oa t s- c s. s-ass o~ a t .

(or  ot h - s - s-’ t r a n . .: l eo . 0 ~ v sts - O.  ) hu :; ~~~C- L e  n t e ; - :r ’ s - t -  I s -o ver  its .O ’ s - I ’ O s - —

t i e r s - , -x s - -~ - s - s -  ~~s - - ,- e s - -. o sri for :s-ev€— ra i j s-50,~3 . This ins-s-esr ;t or. -‘

e— ;i- sero t Lv m s - - I s S tr’ .’iS ‘ usao .13 03 t~~~s- ’” sr ec ’s-rs: J(> ~~) oh s - s- s-sc

nas -h c s - im:~~s - v —— s - ’~ e I s - s - o l e  ~‘F— 3 w h - - r e  ~,‘e she-; : is ;-: ar :  I Is o a r s
5) :5 

f -s-o r : s - - s - s - s -s- - - is e v : r a s  e . r ’ . , os -h ama s ~of 11 ~“,o. a l9~~9, i~i

Ju l y  1959 , 12 h- :- ’- ’ - -L ~~- l~, °O .

Is is c leai’  :~s- s-it  ‘h e  i~, r s -  c at i o n ;  r a r e r  of ,- i g s .  I ~~~ ‘r - ì
F t — I , as ,~;elf as t-n;-- l  i— or s - i : - a t i o r ,  Os - 0 s - - i~~~. 1 — 7 , tar - s

to s O s - r n l f i - a a m s - t  €-srors at ~s , irs- rig. hh-— ? we see h7s- o ~~~ i s--rn —

z a t i o n  r o se  ~.s - r c s - f a  s - -  d u e  so the Is- a-onus: -  196° s-av- : o’~icuuas -j~ -i

two h f  s - - en s ’ s- sor ts-nc  d:. f : ’c-r b’a s o  o rds r s  of mSIs”, . :t J - i e 3’:. . ’ 8

sib.rs -ifi ca rs -t a ’- i t s — i c t ’an- -e . I do nos-: t h i n~s t i ,at  is o s - s - s i c  Is

to e s ti n- .ste th e  error  is - . ‘--he se er tin-at e m:- , I-nt -a f a c t or  2 to  1
or dos--s-n in s.h-~- t o t - s-rn i s s s - i z a t l - -n - , pno~

’ils such cs -s F is . 1-7 se~- :s -na
plaus ible .

Ov er-all , I t  is rs- cs- t c lear ’  tha t t h e r e  S -any d e f l n .  os
la ton-l  cs -osween  ass  S h e a — I s - . s -r t  ~n m e x  a s - h  t h e  t o t a l  o rI: s - s -~ on ,

say b e l o w  
~5 kss- ( s e - .- F l” : .  E—7 as-: n t — i ) .  : a ’ e r a h r - i~~ss . is ic-es

apoear t I - s-u s on ly  a very  few of  tIs la rges t  S F - I s  r sud s - o s s- ar’- : t i .  s - n

1002 1 n . pairs in the  n o i l h i e  s t ra to s p her e , 05411 Th ’~~~5 — -o s-” ala os- —

stni:-t conslieratio rm to Os-he events lis ’ ed in Table E--3.

3. I O N I Z A T I O N  D U E  TO S P E s : SOME C A L C U L A T I O N S

i~i . ’.s . D s -r - i - a s - ,n has cosirs-uted the solar proton f’~ cx at V— 5 4 ’ l - -r n

tires folios-sin : 17 sol.s-mr flares , usin:: the  lata cc — s-a ; 11cc. t y

Fret~-r ur,i W e o t e r -  ( 1 9 6 ’ ) .  In Ta~s- l e  EE~~ we show th e  f l u x  for
pro tons of ens-s -sy go’s.s-i te- r than 20 17eV , ar.s-i in ,  T~ b i e  : — 5  ‘-:~~

her aver-cooed conversic- rs- factors for energies > 50 ass-cl > 100 11eV.
E — 1 4 5
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FIGURE EB — 1 . Ion production rates due to different SPEs and
also due to some other D-Region sources which are
define d in Zmuda and Potemra (1972). Note tha t
there is no obvious correlation between the Shea-
Smart index and the ioniza tion profile for these
relatively small events.
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F I G U R E  EB-2. Ion production rates due to SPEs , an d also  those
due to GCRs and REPs. Two different estimates are shown for
each of the 3 SPEs l i s t e d to in d icate the d if ference in  ion
p roduc t ion rate es t ima tes ma d e by d i f ferent  authors , which
presumably gives a measure of the uncertainty in our quanti —
ta tive understanding of the effect. (Note that the data of
Hea ps as listed do not extend below 30 km). The sources
use d are in d icate d on the fi g ure .
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From Fi 1 .  E— l  we see t h a t  for  v e r t i c a l  i n c i d e r s - c e , p r o t o n s
of en ergy 20 17eV pene t ra t e  d own to 5 ) 4 — I- s - r s - :  a l t itude , of energy 50

1-4eV loan ;  to  142 km , and of energy 100 MeY down to 32—km altitude.
Thus , we arbitrarily ask for the flux above 100 14eV for the

events listed in Table E—2 ; use Tables EB-14 and EB-5 to obtain

the f l u x  above  100 MeV as a f u n c t i o n  of t ime; in t egra te  th is
flux over the time duration of the event ; multiply by the area

of the polar caps , here defined from curve C~ of Fig. E—2 as

14 .8 x io l7 cm 2 ; and ob ta in  the  t o t a l  number  of ion pai rs  pro-
duced by each event by multiply ing by 108/35 (i .e., average
energy/proton = 100 14eV, average energy /ion pair = 35 eV) to
obtain the results shown in Table E— 3 .

This  is c l e a r l y  a very  c rude  p rocedure , and one can argue
that in view of the transport considerations of Annex EA , all

p r o t o n s  t h a t  get down to 35 to  38 km ( i .e . ,  of energies to 65
to 85 14eV) and w h i c h  t h u s  deposit most of their energy below 14 5
krri , should be cons idered . The present choice makes some correc-

t ion for  ob l ique  i nc idence  and has the  advantage that for the
November 1960 events it is in very good agreement with ~eid R s

c a lcu l a t i o n , and t hus  lends  i t s e l f  to the sca l ing  p rocedu re  sug-
gested in context of Table E—3 .
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TABLE EB-5 . CHARACTERISTIC RIGIDITY , P0(t) , AND RATIOS OF PROTON FLUXES
> 3 MeV , > 50 MeV , AND > 100 MeV , TO THAT > 20 MeV FOR

VARIOUS TIMES IN AN ‘AVERAGE ” SOLAR PROTON EVENT

Time After  Q (> 3 MeV) Q(> 50 MeV ) Q (> 100 MeV )
Beg i n n i n g of F lare , p

0, t Q( >  20 MeV ) Q (> 20 MeV ) Q( > 20 MeV )

3 250 1 .9 0.60 0.37
12 160 2 .2 0 .43 0.21
24 130 2 .9 0.36 0.13

48 100 3.5 0.29 0.07

72 85 4 .0 0 .25 0.06
96 80 4.9 0 .22 0.04

120 70 5 .7 0 .19 0.032
144 60 9.0 0 .13 0 .016

Source : Table reportedly compi l ed by H.W . Dodson ; provided by E .W. Hones .
For basic data , see Svestka and Simon (1975).
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A P P E N D I X  F

C H A N G E S  I N  I N D U S T R I A L  AND A G R I C U L T U R A L
N I T R O G E N  F I X A T I O N , 1955 TO 1975

F .1 I N T R O D U C T I O N

It was suggested by Crutzen (19714) and McElroy ( l 9 7~~) t ha t
the  increased use of c ommercial  n i t r o g e n  f e r t i l i z e r, and also

nitrogen fixation resulting from fossil fuel combustion , may lead

to a reduction in s t r a t o s p h e r i c  ozone . As the  c h e m i c a l l y  f i x e G
nitrogen (this means nitrogen present in molecules such as amm o- —

nia , amines , amino ac ids , e t c . ,  or n i t r a t e s, as d i s t i n c t  f r o m

the  ve ry  s t ab l e  and iner t  molecu le  N 2 ) is d e n i t r i f i e d  ( i . e . ,  as
the compound breaks up to produce various end products , includ-
ing in particular ‘

~2~~’ 
some ~‘r ac ti o n  of the  n i t r o g e n  appea r s  as

nItrous oxide N ? , rather than as N2. The fract ion is normally

in the ranoc- 5 20 percent , with 6 percent as a cu r ren t bes t

estimat e——s ee CAST (1976).

The g lobal  c y c l e  of’ atmospher ic fixed nitrogen is not well

known . Table F—l lists various current estimates of sources of

f ixed  n i t rogen , but  the  s inks  of n i t r ous  oxide , w h i c h  are by  f a r
the largest atmospher ic components of fixed nitrogen , are not
known . There may be a sink on the ground [see Brice et al.

(1977)J,
* but there is no presently known sink of N20 in the free

t roposphere .

Brice et al .  (1977 )  f ind a d iu rna l  va r ia t ion  in N 2 0 concentra-
tion at the ground in England , and from this infer a sink of
N 2 O.  However , J . M . Bremner and A . M .  Blackmer (see D e n i t r i fl c a -
tiori Seminar , 1977) do not observe th i s  d iurnal  va r i a t ion  near
Ames , Iowa . See also F r e n e y ,  Denmead and Simpson (1978)  and
Cicerone et al. (1978).
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In t h~ ~r L t O S r ~~~~~~e 
‘ 2~ ~~~~~~~~~~~~~~~~~~ 

I, ~~:i  OX ~~~~ k:~~ , ~( U )
ani  is ~~ b~~ect  to  pI ~o t o J  ~s:n ~i a t

:~n (‘~ ~0%) ( l a )

~2
0 + 0(

2 + 02 ~~ 5O~~) (Th)

+ hv (
~ < 230 r~:;. ) + Q (1D) (2)

Reaction (la) is the pr1n~~ :Hl :our~ e ~~ St  tospt~er~ c HO .
Roughly  80 pe rcen t  of N~~0 reachin~’ t h e  st ra to s~~h~ :~ic ~ ~ie~~ r o~’eo
by r e a c t i o n  ( 2 ) — — c f .  S c h m e l t e k o n f  et t l .  ( 1 9 7 7 ) .

It should be n ot eJ  t h a t  HO f o r mej  ~ri t :  ~a y ,  by r~~~~t i o r ~
C i a ) , is l i ke ly  to be fa r m ed  ~i t  ma ~~i v ;l :1  h~~rh a I t i t~~~es (

~ 3D
km)  because  0( 1D) is producei  at h ir h  al~~i~~id~~s in th e  s~;r a t o —
sphere  and above by phot odi~~s o c i a ti o n  e~ ozon e  (and  o~ 02)
is quenched  somewhat  by c o l l i s i o n .  Because  o~ t h E ~se ~‘~~~at ~~n~
hi~ h altitudes of formation , the NO r n o c i u c e t  in t h i s  way
destroy ozone by the “well—known cataly ic c~~ ic~

N 0 + 0
3

-~~N02 + 0 2 (~ a)

1
~ 2

+ 0 +
~~
0 + 0 2 (3b)

net 0 + 0
3

-~~2 02 (2c)

There are , however , important interactions with ~he HO~ a :i ~~
cycles , so that the net effect of N 2 0 injection on ~otaJ ozone
is uncerta In—— see Section F .3.

*The ~~~q~ ion N20 + 0(3P) N2 + 02 has a temperatire depen lence
e 1~~~~ 11 , i.e., is only significant at high t~ n1:erature~ such
as in com bustion , but not in the atmosphere.
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A ftcc n i L r - ~gen Is t~ x d , ~n~~r ¶ s  a d e L ~~y ~~~~
•~2~ 

p i n - d u c e d  in deriitr !f’tcation actua L ~~~j  :~f~~ cts n~
o z on e .  Th i s  t i m e  delay L s Lb  sum o r  t n c  e P rr ’.~~, a~- J ,’ , a t i r r :

Con s t a nt  t
1 

ru r cn~rIi L~~’ i t i c a t L o n , a t j m ( :~ ~~~~~~~~~~~~~~~~~ 2 ~- - r  :~
and m ix  ~ng in the ‘uroposphurs , ;in~ t a t im~ c nsL -

~ .~~~ oc :t ~~~

s p her i c  p h o t o c h em i s tr ’y  as a fu n e t  ion  o f’  N 0 f l~~x thr h -

t r o p o p a use .

The denitrification time constant t1 depends or. he~- t re

material is used , and may range from a few months to nary years

(see Denitrification Seminar , 1977). E v i d e n t l y ,  t 1 r o s a  be re-

lated to the time for recycling of CO2 in plants , a n d  h er e  a
representative estimate (Keeling, 1973, p. 307) is that two—

thirds of agricultural fixed carbon is recycled It. apprcxina~ ely
one year , giving an effective recycling tine for ca bor~ of abc-ut
1.5 years .

Estimates for the tropospheric “turnover ” tIme 2 ran:e from

5 to 200 years (cf. Johnston , 1977), but a current ‘Lest estimate ”

Is 8 to 12 years (see , e.g., Hahn and Jurp~e” 1977 , and o l : i a r ~ et

al., 1978). Thus , even if’ the time constant t ~or ratus: n ric

~h c a o c bem i s t r y  is short , there is still a si~ n~ f~ c ar.t delay be-

tween the time at which fixed nitrogen is produced or use~ at the

ground , and the time when the N20 resulLIn~ 
f’rcm deritnification

can actually affect the stratosphere .

Anthropogenic nitrogen fixation comes from three p r i nc ip a l

sources , namely :

• Industrial nitrogen fixation , mainly as ammonia by Haber

synthesis and also as ammonium salts form ed  as a by-

product in coke production .

• Combustion , which leads to the production of oxides of

nitrogen (NO , also N02)——essentially NO is formed in

equilibrium when air is heated above 20000 K and then

“freezes in ,” i .e. , is not decomposed , as the air cools .
• The large—scale agricultural production of plants havini

nitrogen—fixing bacteria in their root systems ,

F-6



principally legume s (cf. Evans and Barter , l~j77) results

in a significant amount of biological nitre~-er~ f~ xat~ or~.

In each of’ t hese  i n s t ances  the  n i t r o g en  compoand IS e i t h e r
denitrified directly or else is taken up in plants (as proteins ,
amino acids , etc.) or in industrial products (such as nylon or

other plastics) ; oxides of nitrogen formed by combustion are

transformed into nitric acid , which is washed out of the atmo-

sphere by rainfall and is , in turn , taken up ~n the biosphere .

Here we review time—dependent changes in anthropogenic

nitrogen fixation during the 1955 to 1975 time frame (in Section

F.2) in order to provide a basis for estimating the effect of’

the resulting 
~2
0 on global ozone . However , the brief discussior

in Section F.3 indicates that only a very small and somewhat un-

certain change in total ozone could have occurred over the 1955
to 1975 time period .

F .2 CHANGES IN ANTHROPOGEN I C NITROGEN FIXATION , 1955 to 1975

F . 2 .1 In d us t r i a l  N i t r o g e n  F i x a t i o n

Worldwide nitrogen production is shown in Table F—2 , while
Table F—3 shows nitrogen fertilizer production and consumption
with a coarse indication of the latitude distribution of both
production and consumption. Overall fixed nitrogen production

has been rising at a very rapid rate——12 percent per annum from

1955 to 1970 , or 10 percent per annum from 1955 to 1975.

The following points should be noted :

• In view of the long turnover time t2 of N2O in the tropo-
sphere , as compared to the time it takes for material to

be distributed uniformly throughout the atmosphere

(approximately 1 to 2 years), the latitude variation is

unlikely to be significant .
• At this point , I am unable to recommend a unique value

of t1, the delay between the production of fixed nitrogen

F—7
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TABLE F.-2. WORLD ANNUAL INDUSTRIAL PRODUCTION
O F FI X ED N I TR O G E N , 1955 TO 1975*

Annual Fix ed Nitrogen Production
Year Ending 30 June (lOs kg nitrogen)

1950-1954 (avg) 5.40
1955 7.30
1956 8.07
1957 8.65
1958 9.49
1959 11 .80
1960 12.87
1961 13.97
1962 14 .81
1963 17 .11
1964 19.39
1965 21 .86
1966 24.49
1967 28.69
1968 32.14
1969 35.89
1970 38.78
1971 41 .15
1972 43.00
1973 46.72
1974 48.44
1975 49.53

*This is essentially all produced as ammonia , either by Haber
(or other) synthesis , or as a by -product in coking plants.
However , South American guano production is also included in
the statistics. It was approximately 2 percent of global
production in 1959 and tends to decrease both absolutely and
relatively with time . Agricultural nitrogen fixation (e.g.,
In soybeans or alfalfa) is not included , nor is nitrogen fix-
ation in combustion.

Source: U .S . Bureau of Mines , Minerals Yearbook - ?various
years , data kindly provided by Dr. R .J. Foster
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and the eventual appearance of N20. Putting t1 = 0 gives

an instantaneous response , which is certainly not correct ,
but prcvi dcs an upper bound to the ozone changes .

• IL is ci ui’ t huL m ou t  0 t ’ t h e  w o r l d  ‘ S ~uop1y — , f’ u nt  hr’ -ug~ n.~ —

~u~I i:-,’ H xed r i i t ~’ogen i~ s t i l l  b o t h  p roduced  urid  c- n~~iun ed In

L h ~’ l a t i t u de  r ange of 30 to 600 N , which r’~~-r’~-sent.~ OhL de-
v e L o p e d  countri .’o~ (see Table ! “ — 3 ) .

• Note the discrepancy between global production figures in

Table F—2 (which lists total fixed nitrogen , estimated b~’

U .s. Bureau of Mines) , and in Table F—3 (which lists only

fixed nitrogen used in fertilizer , estimated by U .N .

A g e n c i e s ) .  In the  U . S .A . (and to some extent in other

developed countries) , 25 percent of fixed nitrogen is

used for applications other than as fertilizer (explo-

sives , resins , fibers. plastics , and animal feeds), so

that the figures in Table F—2 (which are larger than

those of Table F—3 ) should be used .

• Note  the  d i s c r e p a n c y  be tween  production and consumption
figures of Table F— 3 ; the difference is due to stockpil-

ing , possibly to diversIon to nonfertilizer use , and
possibly also due to errors in the figures .

F.2 ,2 The Combustion Source of Fixed Nitrogen

The four estimates for this quantity listed In Table F—l
range from 20 to ~40 i’it(N)/yr , with an arithmetic mean of 29
Yt (N)/yr . U.S. combustion emissions in 1975 are 2.2 x 1010 kg
N~ 2/yr , or 6 . 7  Nt(N)/yr (data kindly provided by C.0 . Mann , U . S .
EPA). Assuming that the U .S. represents 25 percent of worldwide
use of fossil fuel , and presumably 25 percent of NO

~ 
emissions ,

this corresponds to a global combustion source of 27 Mt (N)/yr, in
excellent agreement with the above values. We shall use the 29
Mt(N)/yr value for 1975 as a recommended estimate .

6 91 Mt(N) = 10 metric tons of nitrogen , or 10 kg
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The g loba l  p r o d u c t i o n  of fossil f’uel ha~ Increase-I by e

factor 2.7 between 1960 and 1971 , c o r r e s p o n d i ng  to  an annual

g r owt h  r a te  of 5 p e r c e n t  ( d a t a  fr u n  P er ry  a rd  Landsb er ’g ,  1977)
data from SCEP , 1970, p. 303, between 1950 and 1967 correspond

to an annual growth rate of 4.5 percent - . Assuming an aririnal

growth rate of emissions of 5 percent , since these , presumably ,

track the worldwide use of fossil fuel . gives an estimated com-

bustion source of 10.9 Mt(N)/yr in 1955.

F .2.3 Agricultural Source of Fixed Nitrogen *

Dur i ng the 1955 to 1975 time frame , the total U .~~. acreage

of soybeans has almost tripled , from 19 to 514 million acres , or

7.7 to 22 million hectares. Assuming a median nitrogen fixation

rate of 75 kg/hectare—year , this being the middle of the ran~ e

57 to  94 kg/hectare—year quoted by Evans and Barber (1977), leads
to a change in biological nitrogen fixation resulting from this

change of U.S. soybean production of 0.6 ~4 t ( N )  to 1.7 ~- : t ( N ) — —

numbers which are not in s ig n i f i c a n t , but s t i l l  are less than  14

percent of industrial or combustion fixation taken separately.

MItro~en fixation rates in k~Yhectare—year are 57 to 914 for

soybeans , and 128 to 600 for alfalfa , with other legumes gener-

ally lying between these limits (see Evans and Barber , 1977).
The U.S . acreage of alfalfa has remained approximately constant ,
at 27 m i l l ion , which  would correspond to an annual r a t e  of n i —
trogen fixation of ( 1 . 3  to 1.6 x l0~ kg); the acreage of other

clovers (timothy, lespedeza , etc.) has been declining slightly,

and b o th the acreage and the nitrogen fixation is lower than

those for soybeans and alfalfa . I do not have any statistics

or~ non—J . .  acreage of these crops , but the U.S . is the biggest
**¶‘aotor ho~re.

sr’. A .S. Newman (USDA ) suggested this additional source , and
:1r . Floyd Roif (USDA) kindly provided the acreage figures.

** Chinese acreage of soybeans has not been changing rapidly, from
S million hectares in 1970 to 9.2 in 1976. Brazil , the second
largest exporter of soybeans (after the U.S.) had 6 .~ million
hectares planted in 1976 , up from only 1.3 in 1970.
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F. 3 AN U P P E R - B O U N D  ESTIMATE OF OZONE RE D U C T I O N  IN 1955 TO 1975
DUE TO TIME -DEPENDENT ANTHROPOGENIC NITROGEN F I X A T I O N  IN
THIS TIME PERIOD

In 1975, a reasonable estimate of annual nitrogen fixation

due to commercial fixed nitrogen production is 49.5 Mt(N) (see

Table F—2), with an additiona l source of strengt h 29 ;~t (N) due

to combustion (see Section F.2 .2). During the 1955 to 1975 time

frame , the growth rate of commercial fixed nitrogen production

was 10 percent per’ annum , while that of fossil fuel , and so pre-

sumably also of the combustion source , was 5 percent per annum .

Thus , in 1955, the nitrogen fixation due to commercial pro-

duction was 7,14 Mt (N), and that due to combustion was 10.9 4t

(N). During the 20—year time period 1955 to 1975, the  total

nitrogen fixation due to commercial production was approximately

4140 Mt(N) and that due to combustion was 370 Mt (N), or an in-

crease in production of ~45o Mt(N) over the rate of productio n at
the initial (1955) rate .

In Table F—4 we list best—estimate nitrogen fixation rates

during this t~ -ne period , based on the present assumptions , to be

inserted in numerical models.

TABLE F-4 . ESTIMATE OF A N T H R O P O G E N I C  N I T R O G E N  F I X A T I O N
RATE , 1955 TO 1975 (units : Mt(N)/ yr)

1955 1960 1965 1970 1975

Commercial Production 7 .4 11.9 19. 1 30. 7 49.5

Com bustion 10.9 14. 0 17. 8 22 .7 29 .0

Total 18.3 25.9 36.9 53.4 78.5

*Effect of soybeans and other le g u m i nous crops (see Section
F .2 .3) is not considered .

Let us now ask for the anthropogenic production of nitrous

oxide due to this nitrogen fixation. Allowing for a denitrif’i—

cation factor of 6 percent (see CAST , 1976 , p. 15), this being

the fraction of fixed nitrogen that goes to make N20 rather than

F-12
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on denitrification , indicates an an th ropogenic  p r o d u c ti on  of
L~9 ~‘1t(N) as N~O during this time period , of which 27 M t O J )  r e p —
resents the increase over production at the 1955 rate , which we

may call the time-varying part . This may be compared with a

total atmospheric burden of nitrogen in N20 of 1700 Mt(U) (see

Hahn and Junge , 1977). Thus , assuming uniform mixinw , the frac.-

tion of N20 that is of anthropogenic and time—varying orig in due

to this 20—yr injection is 0.015.

Now the predicted effect on ozone due to a doubling of

stratospheric 1-J 0 is a decrease between 0 and 9 percent (see2 
*Crutzen and Howard . 1977). If the change in ozone is a linear

function of the change In t-1 20, the predicted maximum decrease in

ozone due to a 1.5 percent increase in N20 is 0.14 percent .

These estimates represent an upper bound insofar as the

times for denitrificationi , t1, for mixing in the troposwhere , t2,
and for formation of NO by reactIon (F.la), t 3, have all been
ignored and also that none of the N70 formed as a result of an—
thropo~oenic activity is lost to unknown sinks. In Section ~

‘.1
we see that (t 1 + t2) “ 1-3 yr , so that the predicted effects
would  occur  w i t h  t h i s  de lay , and co r r e spond ing ly  averaged out
over a longer time and so even smal le r.

F .4 CHANGES IN A TM OSPHERIC N 20 DURING THE 1955 TO 1975
TIME FRAME

If the  e f f e c t s  on ozone of an th ropogen ic  n i t r o g e n  f ix a t i o n
during the 1955 to 1975 time frame are to be significant , one
would  c e r t a i n l y  expect  to  d e t e c t  a change in a tmosphe r i c  n i t r o u s
*Note , however , that at least some models using current
(January 1978) chemistry predict that an increase in strato-
spheric N20 will lead to an increase in stratospheric ozone(F. Luther , private communication to R .C. Oliver , January
1978). I have not seen published references showing this re-
sult. It is of interest also that , using CIA? (1974) chem-
i s t r y , the  p r e d i c t e d  e f f e c t  on ozone due to a doub l ing  of
stratospheric N 0 was a 19 percent decrease Lsee Vupputuri
(1-374)]. 2
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oxide . Pierotti and Rasmussen (1977) have reviewed the atso—

spheric measurements of ~J 0 C~ be tween  1914 9 and 19 7€ .  ~T h l 1 e t her e
are differences betweer~ different observers and betwe rn l l C ? e r —
ent m e t h o d s  of m e a s u r e m e n t , and w h i l e  there  has been no i r t ~ -r -

comparison of calibratiors between the different experimen ts ,

there is no clear evidence of any long—term trend over the

period as a whole .

The fo l low ing point s should be noted :

• Local measurements taken both in Germany arid in Nassa—

c hu s et t s  over t he  pe rI od  1966 to  1968 show a definite

L uc r e a s e  of  w er h a w s  20 pe rcen t  over t h i s  2 to  3 year

period [see Schutz et al. (1970), Hahn and Juno- e (1977)],

but no comparable effect is aruarent in the r e s t  of the

d a t a .
• H. Craig and R.F. Weiss  [see r e p o r t  on GEOSECS , Science,

195, 166 (1977), also Denitrification Seminar (1977)]

compared s h i p b o a r d  s amp le s  of i
~2 0 t aken  at various times

ar.~ find that the average concentration for ecuivalent

sites in toe PacIfic had increased by 14 prb/~ecade , or

0.15 percent per annum .

• -~o l i an  et a l .  ( 19 7 8 ) ,  in r e p o r t i n g  even more r e c ent  rre a—

s ur em e n t s , i n d i c a t e  t ha t  measu remen t s of d 2 0 wil be made

on a c o n t i n u i ng  b a s i s ;  f rom t he i r  c a r e f u l  m e a s u r e m - ’r i t s
( w h ic h , however , only e x t e n d  over a 6- mon th  t i m e  f r a m e ) ,

t h e y  are able  to rule out changes in N20 greater than 14

percent per annum .

Th c o n c l u s i o n , it mu s t  be s t r e ssed  tha t  the  p resen t  discus-
s ion is l i m i t e d  to  the  1955 to 1975 time frame ; it appears that

current anthropowenic injections of fixed nitrogen are probably

to o small to have a detectable effect on stratospheric ozone ,

this , clear ly, c - wl d  not  c o n t i n u e  to be the  case i~i d e ? i —

n i t e o 7  i f  n i tr o g e n  fixati~~n ra tes  c o n t i n u e  to grow e xp o n e n t i a l l y .
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